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EXECUTIVE  SUMMARY 


The  Starbiid  rodeet  provi'les  the  second  demonstration  of  the  ability  of  the  Ultraviolet  Plume 
Instrument  (UVPI)  [1]  to  observe  missiles  in  flight  above  the  atmosphere.  The  Staibird  was  lautKhed 
hrom  the  Kennedy  Space  Center  in  Florida  on  18  December  1990.  The  launch  time  and  trajectory 
were  selected  to  synchronize  the  flight  with  the  LACE  (Low-power  Atmospheric  Compensation 
Experiment)  satellite  pass  and  permit  ground  observations  from  the  Malabar  tracking  site  in  Florida. 

Missile  tracking  in  the  ultraviolet  is  advantageous  because  of  extremely  low  Earth  and  solar 
backgrounds;  extremely  sensitive  photodetectors,  which  do  not  require  cryogenic  cooling;  and  very 
high  optical  resolution,  which  is  possible  with  optics  of  relatively  modest  size.  The  UVPI  is  a  small, 

flume-tracking  instrument  flown  on  the  Naval  Research  Laboratory’s  LACE  satellite,  launched  on  14 
ebruary  1990. 

The  UVPI  system  aperture  is  only  10  cm  in  diameter.  However,  it  can  detect  and  image 
missile  plumes  at  500-km  range.  The  two  cameras  of  the  instrument  use  narrowband  filters,  image 
intensiflers,  and  charge-coupled  devices  (CCD)  to  observe  sources  in  the  ultraviolet  The  primary 
function  of  the  tracker  camera,  viewing  over  a  relatively  wide  field  (1.98°  by  2.60°)  and  broad 
spectrum  (255  to  450  run),  is  to  locate  and  track  a  source  for  higher  resolution  observation  by  the 
plume  camera.  The  plume  camera  has  a  narrow  field  of  view  (0.184°  by  0.137°)  and  observes  sources 
through  any  of  four  filters  with  passbands  of  195  to  295  nm,  200  to  320  nm,  235  to  350  nm,  and 
300  to  320  nm.  The  wavelengths  shorter  than  310  nm  ate  essentially  invisible  from  the  ground  as  the 
result  of  atmospheric  absorption.  The  limiting  resolution  of  the  tracker  camera  is  about  230  pradians 
(prad),  and  that  of  the  plume  camera  about  SO  prad;  this  is  equivalent  at  500-km  range  to  115  m  and 
45  m.  respectively. 

The  first  and  second  stages  of  the  four-stage  Starbird  fired  only  at  low  altitude,  below  40  km, 
and  were  not  exp^ted  to  be  visible  in  the  ultraviolet  from  space.  The  third  and  fourth  stages,  both  of 
which  used  identical  Orbus  rocket  motors,  reached  90-km  altitude  and  were  successfully  detected  and 
tracked  by  the  UVPI  from  a  range  of  596  to  483  km.  The  two  Orbus  motors,  while  identical  in 
construction,  differed  markedly  in  performance.  The  fourth-stage  performance  was  somewhat  below 
the  essentially  nominal  performance  of  the  third  stage.  This  less-than-nominal  performance  by  the 
fourth  stage  caused  the  stage  to  undershoot  its  planned  105-km  peak  altitude  and  reach  only  85  km. 
The  less-than-nominal  fourth-stage  motor  performance  was  seen  in  the  total  plume  intensity  detected 
by  UVPI,  which  saw  a  somewhat  lower  total  plume  intensity  for  the  fourth  stage  than  was  detected  for 
the  third  stage. 

The  third-stage  plume  was  successfully  tracked  for  about  20  s,  and  296  images  of  plume  data 
(each  Vwth  of  a  second)  were  acquired  by  using  the  four  plume-camera  filters.  The  weaker  plume 
from  the  fourth  stage  was  also  tracked,  arid  297  images  were  acquired  by  using  three  plume-camera 
Alters.  For  bo^  stages,  the  image  quality  and  tracking  accuracy  were  of  sufflcient  quality  to  permit 
the  superposition  of  images  for  plume  radiaiKe  determinatioit  Image  superposition  to  enhance  the 
signal  level  is  needed  for  accurate  radiometry  because  of  the  small  telescope  aperture. 

The  spectral  radiance  and  spectral  radiant  intensities  of  the  missile  plumes  were  extracted 
from  these  images.  Absolute  values  are  necessarily  obtained  on  the  basis  of  an  assumed  spectral 
shape,  namely  one  derived  from  a  physical  model  or  the  plume  as  a  nearly  transparent  stream  of  sub¬ 
micron  alumina  particles  at  their  melting  point  This  spectral  shape  is  termed  the  reference  spectrum. 
A  comparison  of  the  results  for  the  four  UVPI  Alters  indicates  that  the  reference  spectral  shape  is  not 
an  inaccurate  representation  of  the  Starbird  third-  and  fourth-stage  plume  spectra  despite  their 
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difference  in  performance.  The  spectra  appeared  to  show  an  excess  in  the  far  UV  (X  <  300  nm) 
relative  to  that  expected  from  the  reference  spectrum.  This  apparent  UV  excess,  relative  to  the 
reference  spectrum,  is  in  agreement  with  data  gathered  on  the  Stiypi  flight  [2].  The  Strypi  data  also 
showed  an  apparent  excess  in  the  far-UV  relative  to  the  reference  spectrum.  However,  the  Starbird 
data  did  not  show  an  identiHable  UV  bright  outer  region  of  the  plume,  in  contrast  to  the  UV 
luminous  outer  region  seen  on  the  Strypi  flight  [2]. 

The  time  dependence  of  the  plume  central  region  radiant  intensity  within  each  filter  interval 
showed  no  pronounced  trends  or  variations  for  the  third  stage  but  showed  a  pronounced  upward 
ramp  for  the  fourth  stage.  Momentary,  single-frame  peaks  exceeding  the  range  of  normal  statistical 
variation  were  detected.  Whether  these  can  be  correlated  with  missile  engine  events  or  other  sensors 
remains  to  be  seen. 

The  tracker  camera,  within  its  relatively  limited  resolution,  obtained  radiai^t  intensity  data  in 
the  255  to  450-nm  wavelengths.  These  data,  taken  with  the  plume  camera  data  in  the  195  to  350-nm 
range,  support  the  conclusions  that  the  central  region  spectrum  is  quite  close  to  the  reference  model 
with  some  relative  excess  in  the  far  UV  and  no  apparent  outer  region  of  UV  emission  away  from  the 
UV-bright  plume  central  region. 

The  Starbird  third  and  forth  stages  both  used  identical  Orbus  motors.  However,  the  fourth 
stage  of  the  missile  rose  to  a  lower  altitude  than  planned  becaise  performance  was  less  than  nominal. 
This  les3-than-nominal  motor  performance  was  reflected  in  the  total  plume  intensities  detected  by 
UVPI  and  showed  that  UV  plume  intensities  are  correlated  to  actual  motor  performance  rather  than  to 
motor  design.  Unlike  the  Strypi  flight,  no  large  persistent  cloud  trails  were  observed  on  the  Starbird 
flight 

This  base  of  Starbird  UV  radiometric  data  will  be  a  foundation  for  further  analysis  to  provide 
refined  interpretations  and  evaluation.  Comparison  with  models  and  with  data  from  sensors  on  other 
platforms  and  with  dau  from  other  test  flights  will  also  provide  improved  radiometric  results  and  an 
enhanced  phenomenological  understanding  of  UV*  emission  by  solid  rocket  motors  in  the  upper 
atmosphere. 


UVPI  IMAGING  FROM  THE  LACE  SATELLITE; 
THE  STARBIRD  ROCKET  PLUME 


1.0  INTRODUCTION 

1.1  Background 

The  Ultraviolet  Plume  Instrument  (UVPI)  carried  aboard  the  Low-power  Atmospheric 
Compensation  Experiment  (LACE)  satellite  launched  in  February-  1990  was  designed  to  collect 
rocket  plume  imagery  in  the  ultraviolet  (UV)  band.  A  Starbird  four-stage  solid-^el  rocket  was 
selected  for  one  of  a  series  of  tests.  The  overall  objective  of  the  observation  was  to  gather  UV  band 
data  at  moderate  altitude,  around  1(X)  km.  from  space  to  enhance  the  current  level  of  understanding 
of  plume  physics  and  chemistry,  and  to  help  answer  Questions  about  radiance,  spatial  extent,  and 
temporal  variability  of  plumes.  A  number  of  more  speciiic  objectives  are  listed  in  lection  1.3.  which 
describes  the  Starbird  mission  plaa 

1.2  UVPI  Capability 

The  Ultraviolet  Plume  Instrument  (UVPI)  is  carried  aboard  the  Low-power  Atmospheric 
Compensation  Experiment  (LACE)  spacecraft.  The  UVPI's  mission  is  to  collect  images  of  rocket 
plumes  in  the  UV  waveband  and  to  collect  background  image  data  on  the  Earth.  Earth's  limb,  and 
celestial  objects.  Background  object  imagery  already  collect^  with  the  UVPI  includes  the  day  and 
night  Earth  limb  air  glow,  aurora,  sunlit  and  moonlit  clouds,  solid  Earth  scenes  with  varying  solar 
illumination,  cities,  and  stars.  A  detailed  description  of  UVPI  can  be  found  in  the  UVPI  description 
and  data  methodology  report  [1]  and  in  the  Str^i  plume  report  [2]. 

The  UVPI  sensor  head  assembly  [3.4]  contains  two  coaligned  camera  systems  that  are  used  in 
concert  to  acquire  the  object  of  interest,  control  UVPI.  and  acquire. UYPL  images  and  radiometric 
data.  The  two  camera  systems  are  the  tracker  camera  and  the'  plume  camera,  which  are  discussed 
briefly  below.  The  two  cameras  share  a  fixed  lO-cm  diameter  Cassegrain  telescope  that  uses  a 
gimbaled  plane  steering  mirror  to  view  a  field  of  regard  that  is  a  SO-deg  half  an^e  cone  around  the 
nadir.  In  Edition.  UVPI  contains  a  second  plarte  miTor  on  the  instrument  door.  The  mirror  can  be 
set  at  an  angle  of  approximately  45  deg  relative  to  the  nadir  and  used  in  conjunction  with  the  steering 
mirror  to  view  Earth’s  limb  and  stars  near  the  limb.  The  configuration  of  the  UVPI  and  the 
radiometric  response  of  UVPI  are  discussed  in  Refs.  1  and  2;  characteristics  of  the  UVPI  have  been 
previously  reported  [4.5]. 

The  tracker  camera  is  an  intensifled  charged-coupled  device  (CCD)  camera,  which  is  sensitive 
over  a  wide  wavelength  range  extending  from  255  to  450  nm.  Figure  1  shows  the  oveitdl  response  of 
the  tracker  camera  as  a  function  of  wavelength,  iiKluding  the  effects  of  the  bandpass  filter  in  the 
camera  system,  the  photocathode  re^nse,  and  the  other  o^cal  elements  in  detail.  This  camera  has  a 
relatively  wide  total  field  of  view  ot  1.98  by  2.60  deg,  and  images  over  this  full  field  of  view  can  be 
recorded  at  a  5  Hz  image  rate.  The  tracker  camera  can  also  be  operated  in  a  mode  where  the 
transmitted  field  of  view  is  restricted  to  the  central  17  percent  of  the  full  field  of  view,  and  the  image 
rate  is  increased  to  30  Hz.  The  intensifier  gain  imd  the  exposure  time  of  the  camera  can  be  controlled 
to  provide  a  radiometric  dynamic  range  greater  than  104. 

The  plume  camera  is  also  an  intensified  CCD  camera  operating  in  the  ultraviolet  The  plume- 
camera  optical  train  contains  a  filter  wheel  with  four  selectable  filters  that  have  bandpasses  within  the 
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195  to  350  nm  range.  Figure  2  shows  the  overall  response  of  the  plume  caniera  for  each  of  th&je  four 
filters.  The  plume  camera  has  a  total  field  of  view  of  0.184  by  0.137  deg  with  a  correspondingly 
higher  resolution  than  can  be  achieved  by  the  tracker  camera.  Plume  camera  images  can  be  recorded 
or  transmitted  at  either  5  or  30  Hz.  depending  on  the  desired  field  of  view.  The  intensifler  gain  can  be 
controlled  to  provide  a  radiometric  dynamic  range  greater  than  10^. 


160  180  200  220  240  260280  300  320  340  380  380 


Wavelength  (nm) 


Fig.  2  •  Plume  camera:  net  quantum  efTiciency  curvea 


Table  1  summarizes  the  instrument  characteristics  and  telemetry  rates.  Note  that  the  “field  of 
view  per  pixel”  values  are  updates  of  those  listed  in  the  plume  data  methodology  report  [1]  and  the 
in  the  Strypi  plume  report  [2]. 


Table  1  •  Instrument  Charaaeristics 
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1.3  Scientific  Objectives  for  LVPI 

The  primary  goal  of  the  Starbird  mission  [6,7]  for  UVPI  was  to  collect  spatially  resolved, 
radiometric  UV  plume  data.  This  was  to  be  accomplished  for  the  third  and  fourth  stages  of  the  rocket 
by  using  UVPI's  capabilities  for  tracking  and  imaging  a  moving  target  at  long  range.  The  plume- 
camera  filters  were  cycled  to  vary  the  wavebands.  Emphasis  was  placed  on  the  mid-UV  bands  l^ause 
these  data  can  be  obtained  only  from  a  space-based  sensor,  and  this  waveband  has  the  best  potential 
for  high  signal-to-background  contrast.  Pointing  accuracy  was  optimized  because  that  simplifies 
registration  of  images  when  superposed,  a  necessary  procedure  for  improving  statistics.  The  UVPI 
observation  was  coordinated  with  ground  observations  providing  infrared  and  visible  band  data  as  an 
important  supplement  to  the  UV  data. 

A  secondary  goal  was  to  observe  any  serendipitous  special  events  such  as  transients,  puffs, 
chuffing,  clouds,  or  contrails.  The  brightness,  size,  frequency,  and  persistence  of  such  phenomena 
would  provide  useful  information. 

The  specific  objectives  of  the  mission,  related  to  UVPI  data,  are  given  in  the  following 
subsections,  l^ey  revolve  around  a  number  of  questions  concerning  plume  radiance,  spatial  extent, 
tempoial  variability,  and  spectral  shape  of  the  UV  emissions  [7-9].  The  objectives  are  grouped  under 
headings  reflecting  these  subjects. 

1.3.1  Specific  Objectives  Related  to  Radiometrics 

The  following  four  objectives  are  basic  to  those  listed  in  the  subsequent  subsections. 

•  Obtain  isoradiance  contours  for  multiple  plume-camera  bandpasses  for  the  Starbird 
third  and  fourth  stage  plumes. 

•  Obtain  radiant  intensity  measurements  in  multiple  plume-camera  bandpasses  for  the 
Starbird  third-  and  fourth-stage  plumes  based  on  the  entire  field  of  view  of  the  plume 
camera  and  on  a  subregion  corresponding  approximately  to  a  plume  core. 

•  Compare  radiometric  measurements  for  Starbird  third-  arid  fourth-stage  plumes  with 
other  measurements  or  expectations. 

•  Provide  radiometric  measurements  for  nonplume,  transient  phenomena,  if  any. 

1.3.2  Specific  Objectives  Related  to  Spatial  Features 

•  Obtain  the  length  of  each  of  the  Starbird  third-  and  fourth-stage  plume  central 
regions  and  investigate  implications  for  cooling  rate  and  emissivity  of  particles. 

•  Obtain  the  shape  of  the  shock  boundary/mixing  layer  of  the  rocket. 

•  Identify  asymmetries  in  plume  shape  and  investigate  angle-of-attack  and  uneven 
burning  as  possible  causes. 

1.3.3  Specific  Objectives  Related  to  Temporal  Features 

•  Identify  temporal  trends  in  radiometrics  and  investigate  possible  dependence  on 
rocket  velocity  at  fixed  altitude. 

•  Investigate  radiometric  fluctuations  to  determine  whether  short-term  variations  in 
brightness  are  observed. 

•  Identify  changes  with  time  in  the  shape  of  the  plumes'  outer  regions,  if  any,  and 
investigate  possible  dependence  on  rocket  velocity  at  fixed  altitude. 

•  Identify  persistence  and  cumulative  effects,  if  any,  in  plumes  or  non  plume 
phenomena. 
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1.3.4  Specific  Objectives  Related  to  Spectral  Features 

•  Compare  the  shape  of  the  plume  central  region's  emission  spectrum  from  the  multiple 
bandpass  measurements  with  a  reference  spectral  shape  and  spectral  shape 
determinations  based  on  other  sensors. 

•  Relate  tracker-camera  measurements  to  visible  and  infrared  measurements  made  by 
other  sensors. 

■  Characterize  the  emission  spectnim  for  the  plumes'  outer  regions,  if  finy. 

1.4  Experiment  Concept 

1.4.1  Starbird  Trajectory  and  Description 

Since  the  Starbird  rocket  was  designed  to  be  observed  by  the  space  shuttle  flying  at  an 
altitude  of  about  170  km,  the  planned  trajectory  was  a  depressed  one,  with  a  burnout  altitude  for  the 
last  stage  of  about  105  km.  The  trajectory  called  for  Starbird  to  be  launched  from  the  Kennedy 
Space  Center,  flying  in  an  east-southeast  direction,  and  landing  in  the  Atlantic  Ocean,  425  km 
downrange  after  about  7  minutes  of  flight  time.  The  Talos  and  Sergeant  stages  were  to  bum  out  at  6 
and  47  s  after  launch,  respectively,  followed  by  a  coast  period  of  50  s.  The  Orbus  stages  were  to  bum 
one  after  the  other  with  a  6  s  coast  between  the  two. 

The  Starbird  Developmental  Launch  Vehicle  was  a  four-stage  rocket,  with  the  Talos  and 
Sergeant  as  the  first  and  second  stage,  respectively;  two  identical  Oibus  motors  made  up  the  third  and 
fourth  stages  (Fig.  3).  The  Orbus  motor  had  an  average  thrust  of  about  7,000  lb  with  a  bum  time  of 
39  s.  The  motor  used  an  axisymmetric  nozzle,  40  cm  in  diameter,  with  an  expaa«:on  ratio  of  46.4  and 
a  divergence  angle  of  15.54°.  The  propellant  for  the  Orbus  was  a  composite  consisting  of  ammonium 
perchlorate,  cyclo-tetramethylene-tetranitramine,  powdered  aluminum  and  HTPB  (hydroxol 
terminated  polybutadiene)  rubber  binder  of  Qass  1.3  UTP-19,  687A.  The  propellant  had  an 
aluminum  loading  of  20%  and  a  flame  temperature  of  3338  K.  Figure  4  is  a  sketch  of  the  Orbus 
motor.  Table  2  summarizes  Starbird  XI  rocket  motor  characteristics;  Table  3  provides  parameter 
values  for  the  Orbus  motor. 
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Fig.  3  -  Stvbifd  XI  rocket  Khemuk* 
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Table  2  •  Summary  Of  Starbird  XI  Rocket  Motor  Qiaracteristics 


Motor 

Stage 

i^j^^AvgThruM 

1  Total  Impulse 

1  (Ib-s) 

1  Altitude 

1  Velocity 

TALOS 

TX-33-39  S/N  726 

1 

6.0 

110,000  (vac) 

1,900,900 

0-1.0 

0.0-0.32 

Sergeant 

2 

34.0 

30,000  (il) 

59,700 

10-26 

.25-1.0 

Orbus 

3 

39.0 

7,000  (vac) 

71,200 

60-85 

.54-1.06 

Orbui 

4 

38.0 

214,300 

90-105 

1.03-2.2 

Note:  vac  b  vacuum,  tl  =  tea  level. 
Bated  on  mfofmabon  from  Ref.  7. 


Table  3  -  Otbus  motor  parameters 


Nozzle  Characteristics 


Initial  throat  diameter 

6.67  in. 

Hnal  throat  diameter 

5.51  cm. 

Exit  plane  diameter 

37.52  cm. 

Exit  cone  half-angle 

16.9* 

Expansion  ratio 

46.39 

CYI-75  Propellant 

Constituents 

(wt  ») 

Ammonium  perchlorate  (oxidizer) 

58.0 

Cyclotetramethyiene  tetranitramine  (oxidizer) 

12.0 

Aluminum  (fuel) 

20.0 

Stabilizer 

3.14 

Typical  Exhaust  Gas  Composition 
mole  (fraction) 


COj 

.015762 

CO 

.2176 

HiO 

.109803 

HQ 

.115542 

Hz 

.293115 

Nz 

.115421 

H 

.015082 

AlzOz  (solid) 

.094148 

1.4.2  Radiometrics 

The  Starbird  third-  and  fourth-stage  rocket  motor  propellant  is  a  composite  having  a 
composidon  of  70%  oxidizer,  20%  powdered  aluminum,  and  a  small  amount  of  hydtx>carbon  binder. 
The  combusUon  products  for  both  rocket  motors  are  AI2O3  particles,  H2O,  CO,  CO2,  and  other  gases. 
The  temperature  inside  the  rocket  motor  chamber  is  typically  3200  K,  which  is  hot  enough  to  melt 
the  AI2O3  (melting  point  =  2320  K)  but  not  hot  enough  to  vaporize  it  (boiling  point  approximately 
=  37(X)  K).  As  the  exhaust  exits  the  rocket  nozzle  it  cools,  and  the  AI2O3  begins  to  solidify.  The 
temperature  of  the  exhaust  decreases  further  as  it  moves  away  from  the  rocket  [7]. 

In  the  ultraviolet,  the  emission  from  the  plume  central  regions  of  these  rocket  motors  is 
expected  to  be  dominated  by  thermal  emission  from  hot  particles  of  AI2O3.  In  a  simplified  model. 
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the  temperature  of  the  AI2O3  particles  is  taken  to  be  constant  at  the  solidification  temperature  of 
2320  K  because  the  latent  heat  of  fusion  causes  the  temperature  of  the  particles  to  pause  momentarily 
at  this  point  as  they  cool.  In  the  outer  region,  other  thennophysical  processes  can  produce  emission 
bands  arising  from  exhaust  gases  or  atmospheric  constituents,  and  these  will  contribute  to  the 
spectrum. 

Even  in  the  simplified  model,  in  which  the  AI2O3  particles  in  the  plume  are  assumed  to  be  at  a 
uniform  temperature  of  2320  K,  the  plume  emission  is  different  from  a  2320  K  blackbody  for  two 
primary  reasons.  First,  the  plume  consists  of  a  raUter  transparent  cloud  of  particles  such  that  the  total 
emission  from  the  cloud  is  substantially  less  than  would  be  the  case  from  a  solid  object  the  same  size 
as  the  plume.  Second,  the  AI2O3  particles  are  typically  a  few  microns  in  size  and  are  inefficient 
emitters  of  visible  and  longer  wavelengths.  The  effective  emissivity  for  2.3-pm  particles  of  AI2O3  is 
considered  typical  of  particles  in  the  plume.  This  is  further  discussed  in  Section  3. 

The  rocket's  emission  was  estimated  for  all  four  filter  bandpasses  of  the  UVPI's  plume  camera 
by  using  a  modified  version  of  the  CHARM  1.3  code.  The  results  are  given  in  Tables  4  and  5.  This 
information  was  used  to  determine  the  desired  sequence  of  the  plume  camera  filters  for  the  Orbus 
bums. 

Filter  PC-4  was  selected  to  begin  the  observation  of  the  Starbird  because  its  wider  bandpass 
would  provide  the  brightest  signature.  Filter  PC-4  responds  to  wavelengths  longer  than  300  nm,  which 
pass  through  the  ozone  layer,  and  its  primary  purpose  would  be  to  oteain  a  few  seconds  of  data  for 
comparison  with  that  from  ground-based  and  airborne  sensors.  Filters  PC-1  and  PC-3  observe 
wavelengths  that  do  not  pass  throu^  the  ozone  layer  and,  thus,  cannot  be  observed  from  the  ground. 
Use  of  these  filters  would  provide  unique  data.  Since  the  UVPI  plume  camera  filters  must  be  cycled 
in  sequence,  a  few  seconds  of  data  using  filter  PC-2  would  be  collected  to  complete  the  data  set  even 
though  PC-2  passes  wavelengths  that  can  be  observed  from  the  ground.  Therefore,  the  filter  selection 
for  the  Starbird  third-stage  bum  should  start  with  a  few  seconds  of  using  filter  PC-4,  then  switch  to 
PC-3  for  several  seconds,  then  switch  to  PC-2  for  a  brief  data  collection  oj^rtunity,  and  end  in  PC-1 
for  several  seconds  of  data  prior  to  and  including  the  burnout. 

The  filter  sequence  for  the  fourth  stage  bum  should  emphasize  the  use  of  filters  PC-1  and 
PC-3,  which  pass  wavelengths  that  are  invisible  from  the  ground.  Therefore,  the  fourth-stage 
observation  should  start  with  filter  PC- 1  for  several  seconds,  then  collect  data  for  a  few  seconds  using 
PC-2,  and  then  switch  to  PC-3  and  use  that  filter  for  the  remainder  of  the  Starbird  fouith-stage  bum. 
This  will  allow  collection  of  data  from  the  burnout  of  the  Starbird  fourth  stage  in  a  band  that  is 
invisible  to  ground-based  and  airborne  sensors. 

Table  4  -  Expected  Intensities  for  Starbird  Third  Stage 


Table  5  -  Expected  Intensities  for  Starbird  Fourth  Stage 
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2.0  STARBIRD  OBSERVATION  AND  INSTRUMENT  PERFORMANCE 

2.1  Observation  Scenario 

2.1.1  UVPI  Operations 

The  Starbiid  plume  observation  by  UVPI  was  highly  successful  because  of  well-coordinated 
efforts  by  the  LACE  team  and  cooperative  efforts  by  the  Starbird  lautKh  team. 

The  following  is  the  sequence  of  events  during  this  observation.  Hgure  5  shows  the  LACE 
ground  track  during  the  encounter. 


H|.  5  •  LACE  ground  Crack  for  Starbird  obiervaticn 


•  Starbird  was  iaunched  on  18  December  1990,  at  03:37:25.089  GMT. 

•  The  UVPI  door  was  fully  opened  to  view  Starbird  at  03:38:25  and  UVPI  pointed  to 
the  Starbird  nominal  trajectory  using  a  0.5°  circular  scan. 

•  UVPI  observed  the  third-stage  ignition  in  its  tracker  camera  at  03:39:03.  UVPI  locked 
(mto  the  Starbird  rocket  plume  at  03:39:12.  The  high-rate  image  transmission  mode, 
plume-to-tracker  image  ratio  of  8:2,  and  the  filter  sequence  of  4-3-2- 1  were 
successfully  exercised  before  the  third-stage  burnout  at  03:39:42.6. 

•  UVPI,  while  in  the  high-rate  image  transmission  mode,  reacquired  the  Starbird  at 
fourth-stage  ignition  at  03:39:48.6  and  locked  onto  the  target  at  03:39:49.7.  The 
Alter  sequence  of  1-2-3  was  successfully  accomplished  before  the  fourth-stage 
burnout  at  03:40:27.6. 

Table  6  shows  the  preloaded  commands  and  real-time  commands  for  the  encounter. 


LACE/UVPI;  Sutrhird 


2.1.2  Sequence  of  Events 


Figure  6  shows  the  relationship  between  time  and  frame  number.  Time  in  Fig.  6  is  chosen 
such  that  zero  time  corresponds  to  the  Starbird  rocket  lift-off  time.  For  this  observation,  the  linear 
equation  for  time  is:  TIME  =  (  FRAME  -  10067  )  /  29.996.  Note  that  there  is  '/soth  of  a  second 
tetween  frames. 


15^000 

I  14.500 
& 

U-  14.000 


00  100  110120  130140150  160  170  160  100 
T1me(s) 


Fig.  6  -  Telemetry  firame  vs  time  aAer  liftoff 

Table  6  -  List  of  Commands 
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Table  6  -  List  of  Commands  (Cont'd.) 


2.2  Starbird  Performance  Summary 


The  overall  performance  of  the  Starbird  rocket  was  somewhat  less  than  nominal.  The  planned 
apogee  of  the  trajectory  was  not  attained,  and  the  velocity  at  fourth-stage  burnout  was  lower  than 
expected.  The  telemetry  data  for  the  Starbird  trajectory  is  given  in  detail  in  Appendix  A.  Figure  7 
shows  die  actual  altitude  and  velocity  of  the  Sta^ird  trajectory.  Close  examination  of  the  telemetry 
data  and  the  planned  trajectory  indicated  tliat  the  trajectory  deviation  from  nominal  was  probably 
caused  by  the  second  stage’s  less-than-nominal  performance.  The  altitude  at  the  second-stage 
burnout  was  comparable  to  the  plarmed  trajectory,  but  the  burnout  velocity  was  0.88  km/s  compared 
to  0.99  km/s  for  the  planned  trajectory.  This  in  turn  caused  the  burnout  velocity  and  altitude  of  the 
fourth  stage  to  be  only  1.86  km/s  and  89  km,  respectively,  compared  to  2.2  km/s  and  105  km  for  the 
planned  trajectory. 


Figure  8  provides  telemetry  information  for  Starbird  angle  of  attack  and  chamber  pressure. 


Launch  Tima  (GMT):  12-18-90  03:37:25.089 


Fig.  7  -  Surbird  .Idtude  and  velocity  profiles  from  telemetry  p.^  g  .  surbird  suge-three  »gle  of  .tuck 

diu 


2.3  Encounter  Geometry 

From  the  post-launch  telemetry  data  for  the  Starbird  vehicle’s  position  and  attitude,  the  range 
and  aspect  angle  vs  time  after  launch  were  computed  and  are  shown  in  Fig.  9.  The  aspect  angle  is 
defined  as  the  angle  between  the  line-of-sight  vector  from  UVPI  to  the  target  point  and  the 
longitudinal  axis  of  the  rocket.  Zero  degree  aspect  angle  means  looking  "nose  on";  180°  means 
looking  up  the  nozzle.  The  best  range/aspect  angle  combination  occurred  toward  the  end  of  the 
fourth-stage  bum. 

Figure  10  shows  the  percent  vignetting  and  the  orientation  angle  of  the  rpeket  body  in  the 
tacker  camera’s  FOV.  At  the  Starbird  third-stage  ignition,  the  plume  intensity  signal  was  vignetted 
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by  as  much  as  16%.  However,  by  the  time  the  UVPl  plume  camera  collected  data  in  the  proper 
plume-to-tracker  fnune  ratio  and  high  image  transmission  rate  mode,  the  signal  was  vignettol  by  only 
1.2%  and  became  essentially  clear  of  vignetting  a  few  seconds  later.  The  tracking  of  the  fourth  stage 
was  clear  of  any  vignetting. 

The  orientation  angle  in  Fig.  10  is  used  to  assist  with  the  radiometric  analysis  of  the  plume. 
This  angle  is  defined  as  the  angle  between  the  tracker  camera's  horizontal  axis  and  the  projection  of 
the  rocket  body  onto  the  focal  plane  of  the  tracker  camera. 
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2.4  Pointing  Performance  Overview 


2.4. 1  Mission  Mode  Sequencing 


The  tracker  was  commanded  to  the  Mass  and  Intensity  Centroid  track  mode  throughout  the 
Starbird  observation.  Figure  11  shows  the  sequencing  of  the  various  mission  modes  during  the 
observation. 


Fig.  11  -  Track  and  misaion  modes  vs  frame 


The  POINT  mode  was  used  to  scan  for  the  Starbird  third-stage  rocket  until  it  was  within  the 
tracker-camera’s  field  of  view,  at  which  time  the  ACQUIRE  mode  was  commanded  from  the  ground 
station.  The  tracker  then  locked-on,  TRACK  mode,  to  the  third-stage  Oibus  rocket,  which  was  tracked 
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for  approximately  31  s.  After  the  tracker  locked-on  to  the  fourth-stage  Orbus  rocket,  the  tracker 
followed  the  rocket  for  approximately  39  s. 

2.4.2  Gimbal  Angles 

Figures  12  and  13  show  the  azimuth  and  elevation  gimbal  angles,  respectively,  as  a  itmction 
of  frame  number.  The  elevation  gimbal  angle  varied  by  about  2°  during  the  engagement  for  either 
the  third  stage  or  the  fourth  stage.  The  UVPI  gimbaled  mirror  was  initially  looking  ahead  of  the 
satellite  at  the  third-stage  ignition;  it  was  looking  behind  the  satellite  at  the  fourth-stage  burnout  The 
azimuth  angle  varied  about  9  deg  during  the  encounter  for  either  the  third  stage  or  the  fourth  stage. 
The  azimuth  and  elevation  gimbd  rates  were  calculated  as  0.36  deg/s  and  0.07  deg/s,  respectively, 
which  were  well  within  the  tracker's  capability.  The  dashed  lines  in  these  plots  represent  the 
Instrument  Control  Computer  GCQ  commanded  gimbal  angles.  At  the  beginning  of  the  encounter, 
while-  operating  in  the  POINT  and  ACQUIRE  modes,  the  ICC  commanded  the  gimbal  angles.  When 
the  tracker  locked  onto  the  target  image,  the  mode  was  set  to  TRACK  and  the  tracker  controlled  the 
gimbal  angles.  Note  that  the  ICC  commanded  gimbal  angles  remain  fixed  to  the  last  commanded 
value.  There  is  a  noticeable  transient  as  the  tracker  brings  the  track  errors  to  zero.  At  the  end  cf  the 
encounter  when  the  tracker  loses  the  target  image  atxl  goes  into  the  EXTRAPOLATE  mode,  the  ICC 
extrapolates  the  immediately  previous  gimbal  angles  according  to  their  respective  rates.  Also,  note 
that  the  gimbal  motion  at  this  time  exhibits  a  transient  that  is  a  result  of  the  extrapolation  function 
implementation. 


Frames  Frame 


Fi|.  12  -  Azimuth  gimbd  angle*  v*  frame  number  r,.  13  .  ElevaHon  gimbal  angles  v*  frame  number 


2.5  Tracker  Performance  Summary 

Tracker  performance  was  analyzed  for  the  13,400  to  15,500  telemetry  frame  range.  This 
interval  is  representative  of  nominal  tracking  while  collecting  plume  signatures  in  the  plume  camera. 

2.5.1  Acquisition 

The  tracker  performed  within  the  UVPI  tracker  specifications.  The  tracking  errors  for  the 
acquisition  of  the  third  and  fourth  stages  are  plotted  as  a  function  of  time  in  Figs.  14  and  15, 
re^ctively.  The  servo  response  was  similar  to  that  observed  in  previous  laboratory  tests.  The  tracker 
acquired  t^  target  in  less  than  0.1333  s  and  drove  the  tracking  error  to  zero  in  less  than  1.2  s.  The 
ob^rved  jitter  was  between  6.8  and  12.5  prad  which  is  better  than  the  tracker  system  specifications 
r^ire.  It  was  observed  that  the  tracker  was  biased  approximately  +0.5  pixels  in  the  Y^irection.  A 
gimbal-angle  transient  was  observed  in  both  the  azimuth  and  elevation  gimbal  angles  when  the 
tracker  transition  to  the  EXTRAPOLATE  mode. 
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Hg.  14  •  Thiid-oUge  acquisition  tracking  error  vs  time  Fig.  IS  •  Fourth-stage  acquisition  tracking  error  vs  time 


2.5.2  Tracking  Jitter 

The  tracking  jitter  was  determined  between  frames  13400  and  15500.  IHgure  16  shows  the 
tracking  errors  plotted  as  pixels  vs  the  frame  numbers;  Fig.  17  plots  the  tracking  error  in  X  vs  the 
tracking  error  in  Y.  These  two  different  perspectives  show  that  the  tracker  is  biased  approximately 
half  a  pixel  in  Y,  with  an  elongated  scattering  in  the  X  direction  that  oscillates  between  ±1  pixel. 


13.000  13,600  14,000  14,600  16,000  16,600  16,000 

FRAHCa 


Fig.  16  -  X  and  Y  tracking  erron  vs  ftame 
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Hg.  17  -  Y  tradter  error  vs  X  tracker  enor  in  pixels 
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A  more  representative  picture  is  shown  in  Figs.  18  and  19  where  the  pixels  have  been 
converted  to  microradians.  The  statistical  results  from  these  plots  are  also  shown  in  Table  7.  The 
conversion  from  x-pixels  to  microradians  is  60  |xrad  per  pixel;  the  conversion  from  y-pixels  to 
microradians  is  143  |xrad  per  pixel.  Note  that  the  bias  in  the  Y  direction  is  af^roximately  +61  prad. 
The  standard  deviation  is  the  RMS  value  about  the  mean.  Hence,  the  X  and  Y  tracker  RMS  about  their 
respective  means  is  12.5  prad  in  X  and  6.8  prad  in  Y.  These  values  are  better  than  the  tracking  jitter 
specihcation  of  IS  prad  RMS. 


13,000  13,500  14,000  14,500  15,0u0  15,500  13,000 

fra;4es 

Fig.  18  •  X  and  y  tracking  errors  vs  frame  number 


A  A. 

1  .  [  . 

L  Y+. 

a_ 

■ 

pr 

“T“ 

H— 

■ 

:  •  ||l 

■ 

■ 

mill 

_ _ j 

■ 

■ 

• 

1 

• 

■ 

X 

• 

■ 

- 

• 

• 

■ 

i. 

. 

■ 

- 

III  ~ 

g-eo^ 

<  j 

■ 

■ 

- 

■ 

■ 

• 

B  ■ 

A  A. 

U-l 

.  1  . 

-  1  U  It 
-1 

00 

-6 

0 

•2 

0 

2 

0 

6 

0 

f 

1( 

)0 

TRACK  ERROR  X  (microradlans) 

Third  Stage 


TRACK  ERROR  X  (microradlans) 
Fourth  Stage 


Fig.  19  •  Y  tracker  error  vs  X  tracker  error  in  microradians 
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Table  7  -  Tracking  Error  Statistics  During  S'arbird  Third  and  Fourth  Stage  Bum 


Telemetry 

Frames 

Parameter 

Tracking  Error  X 
(prad) 

Tracking  Error  Y 
Oirad) 

Miniinum 

-60.0 

35.7 

Maximum 

31.9 

89.4 

,0 

Mean 

-15.1 

67.4 

Std  Deviation* 

12.5 

6.8 

_ 

Pointi 

1886 

1886 

*RMS  Jitter 


2.5.3  Comparison  with  Previous  Encounters 

A  comparison  with  tracking  errors  for  other  encounters.  Nihka  and  Strypi.  is  given  in  Table  8. 


Table  8  •  Tracking  Error  Comparison 


1  Mean  Tracking  Error 

1  RMS  Jitter 

Rocket 

Y 

Encounter 

WKSSM 

(ptad) 

Strypi  Second  Stage 

-3  to  3 

-47  to -62 

7  to  10 

6  to  13 

-1  to  -19 

-45  to  -54 

16  to  187 

18  to  167 

Nihka 

2 

-67 

13 

10 

Starbird  Third  and 
Fourth  Suge 

-15 

67 

13 

7 

This  table  shows  that  the  tracking  jitter  has  remained  consistent  and  within  specifications  for 
the  Nihka.  Staibird,  and  Sti^^i  second-stage  observations.  These  exhibited  approximately  100%  peak 
video  value.  The  one  exception  is  the  tracking  of  the  Strypi  third-stage  rocket.  It  did  not  track  within 
Jitter  specifications,  less  than  IS  prad  RMS,  because  the  tracker-camera  gain  level  was  held  to  a  low 
limit.  This  resulted  in  a  low  percentage  of  peak  video  value  in  the  presence  of  a  weak  plume  signature 
and  yielded  poor  tracking  stability. 

3.0  EXTRACTION  OF  RADIOMETRIC  QUANTITIES 

Three  levels  of  data  reduction  are  useful  for  any  radiometric  experiment.  At  the  first  level, 
data  are  merely  reduced  to  instrument  readings  or  counts  at  the  image  plane;  at  the  second  level, 
instrument  readings  are  converted  by  instrument-speciric  factors  (which  may  be  approximate)  into 
ai^roximate  measures  of  physical  quantities  (e.g.  radiance)  with  no  assumed  spectr^  shape  for  the 
source  being  used;  and  at  the  third  level  of  reduction,  a  spectral  shape  is  assumed  to  reduce  data  and 
present  it. 

A  spectral  shape  must  be  assumed  because  instru.nent  efHciency  is  a  function  of  wavelength 
within  each  band,  and  the  spectral  distribution  of  incident  photons  is  needed  to  provide  Uie 
appropriate  weighting  at  each  wavelength  within  the  pass  band  of  integrated  response.  Since  the 
specti^  shape  is  not  known  from  the  data,  a  spectral  shape  must  be  assumed  to  determine  this 
weighted  distribution.  Once  a  spectral  shape  has  been  assumed,  the  number  of  photoevents  measured 
is  used  t.v  infer  the  ampiitude  or  intensity  of  the  emission  with  that  spectral  shape. 

3.1  Data  Calibration  Procedure 

The  raw  image  data  transmitted  from  the  satellite  are  in  the  form  of  arrays  of  8-bit  binary 
nurr.^  representing  the  intensity  of  iight  falling  on  the  itth  pixel  of  the  CCD.  From  C*.  an 
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estimate  of  the  number  of  photoevents  occurring  at  the  corresponding  photocathode  pixel  during 
the  image  frame  can  be  obtained  by  using 


where 

Dk 

Uk 


0) 


is  gain  conversion  factor  for  gain  step  g,  i.e..  the  value  of  for  a  single  photoevent, 

assumed  to  be  the  same  for  all  pixels  k 

is  the  measured  dark  value  for  the  itth  pixel;  and 

is  the  measured  gain  nonuniformity  correction  factor  for  the  itth  pixel. 


The  pulse  height  distribution  of  the  image  intensifier  will  cause  noninteger  values  for  P^.  The 
conversion  of  CCD  response  peaks  to  integral  photoevent  counts  is  possible  only  on  the  weakest 
images  because  of  the  overlap  of  photoevent  images.  Hence,  Pj^  values  are  treated  as  continuous 
variables.  The  Gg,Di^aaA  factors  are  discussed  in  detail  along  with  the  data  calibration  procedure 
in  Section  2.0  of  Ref.  1. 


3.1.1  Statistical  Discrimination  of  Photoevents 


When  a  single  photoevent  is  generated  in  the  microcharuiel  plate  (MCP)  of  the  UVPI  plume 
camera,  it  is  registered  as  a  spatial  distribution  of  charge  in  the  CCD  focal  plane  array  (FPA).  In 
general,  a  photoevent  gets  registered  within  a  3x3  pixel  region,  with  the  largest  FPA  response  at  the 
center  pixel.  Note  that  the  blurring  of  a  single  photoevent  is  a  relatively  small  component  of  the 
ove^  system  point  spread  function. 

When  UVPI  is  looking  at  a  dim  soiirce,  alative  to  the  instrument  sensitivity,  the  instrument 
gain  is  automatically  set  high,  say  gain  13.  At  these  high  gains  the  calibration  procedure  (the 
estimation  of  photoevents  from  the  measured  DN)  is  sensitive  to  any  error  in  the  measurement  of 
dark  field  level  used  for  calibration.  Althou^  a  small  bias  error  in  the  dark  field  would  have  a  small 
impact  on  the  photoevent  estimate  for  a  sin^e  pixel,  it  could  have  a  large  impact  tm  the  results  when 
summing  Ae  contribution  of  groups  of  pixels.  Hence,  for  dim  signal  levels  such  as  the  Starbird 
rocket  plume,  a  statistical  discrimination  scheme  was  developed  that  estimates  the  probability  of  false 
alarm  tor  every  pixel.  In  the  context  of  calibrating  UVPI  data,  a  false  alarm  occurs  when  the  noise  in 
a  pixel  that  contains  no  target  is  large  enough  to  be  considered  part  of  a  pbotoevem. 

Working  with  the  already  calibrated  images,  the  discrimination  scheme  consists  of  estimating 
a  statistic^  decision  threshold  for  each  image.  The  threshold  is  given  in  terms  of  the  background 
mean,  standard  deviation,  and  the  acceptable  probability  of  false  alarm.  Estimates  for  each  image  of 
the  background  mean  and  variance  are  made  by  using  4  image  blocks  located  at  each  comer  of  the 
image  and  with  dimensions  of  8x8  pixels.  The  estimated  threshold  will  exactly  correspond  to  a 
ptotability  of  false  alarm  of  PF  if  die  following  assumptions  hold  [10]: 


•  the  local  mean  and  local  variance  backgrooiid  statistics  are  the  same  over  the  whole 
FPA,  and 

•  the  density  function  of  the  background  follows  a  Gaussian  distribution. 


where 


MathematicaUy  the  decision  threshold  is  given  by 

r«ii  +  o-r' 


it  is  the  estimated  background  mean, 
o  is  the  estimated  background  standard  deviation,  and 
f  must  satisfy  the  integ^  equation 

PFa  erfc(0. 
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All  the  plume-camera  images  used  in  this  report  to  estimate  radiance  or  radiant  intensities 
were  subjected  to  the  above  discrimination  scheme  by  using  a  probability  of  false  alarm  of  0.0001. 
False  alarms  were  in  fact  observed  in  approximately  1  out  of  every  10,0(X)  pixels,  indicating  that  the 
two  assumptions  stated  above  are  generally  representative  of  these  data.  Recalling  that  a  photoevent 
may  spread  over  a  3x3  pixel  region,  for  those  pixels  where  a  photoevent  took  place,  immediate 
neighbors  are  also  included  as  possible  signal  contributors.  A  new  estimate  for  the  number  of 
photoevents  from  the  A^th  pixel  was  computed  based  on  the  following  rule, 

Pt  -  max  (0,  Pt  -  p)  if  condition  (A)  holds,  or  /*i  =  0,  otherwise 

Condition  (A)  states  that  if  any  pixel  in  the  local  neighborhood  of  the  kth  pixel  exceeds  f  then  the 
value  at  the  kth  pixel  is  adjusted  to  be  the  maximum  of  zero  or  Pk  -  p.  Thus,  pixels  containing  no 
photoevent  contribution  are  set  to  exactly  zero,  eliminating  the  possibility  of  an  erroneous 
contribution  due  to  uncertainties  in  the  dark  field  estimate  for  that  pixel.  This  adjustment  can  be 
significant  when  large  numbers  of  pixels  contain  no  photoevents,  i.e.,  few  photoeyents  per  image. 

H^tes  20  and  21  show  a  compo«’te  image  created  with  no  statistical  discrimination  and  a 
composite  image  using  statistical  discrimination. 


HRL/BENDIX  STflRBIRD  Observaiion  PC=3  (195-295nn) 

Third  Stage  41  Superposed  Inaf es 


NRL/flCT  3/38/92. 


Fig.  20  -  Conqwsile  linage  using  no  stadstical  discrimination 
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NRL/BENOIX  STRBBIRO  Observation 
Third  Stage 


PC=3  <195-295n«> 

41  Superposed  Inages 


1 


NRL/HCT  3/30/9: 


Fir  21  •  Conqxxite  imtge  using  statistics]  discriniination 


3.2  Relation  of  Photoevents  to  Source  Radiance 

Presumably,  the  photoevents  at  the  image  plane  are  the  result  of  a  radiation  source  in  the  field 
of  view.  If  the  radiation  source  is  isotropic  and  unifonn  over  an  emitting  region  of  area  Aj  then  an 

expression  for  the  photon  flux  incident  on  the  face  of  the  telescope,  in  photons/second  is: 


(2) 


where 

UX)  is  source  spectral  radiance  in  W^i2.nQ].sr, 
is  area  of  emitting  region, 

Pt  is  solid  angle  of  emission  subtended  by  the  telescope, 
h  is  Planck’s  constant, 

c  is  qieed  of  11^ 

The  factor  X/Ac  converts  the  spectral  radiance  L(X)  to  a  photon  radiance  (pliotons/s-m^-nm 


sr). 
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By  setting  the  size  of  the  emitting  region  equal  to  the  footprint  area  of  a  pixel,  the  following 
reciprocity  relation  results: 

where 

Ac  is  system  aperture  area, 

Qp  is  pixel  field  of  view, 

R  is  range  fiom  the  detector  to  the  emitting  region. 

The  general  expression  for  the  number  of  photoevents  Pk  in  pixel  it  at  the  image  plane,  due 
to  an  emitting  source  of  spectral  radiance  L(X)  filling  the  pixel  field  of  view,  is  then  given  by  [11]: 


where 

T  is  exposure  time, 

Q(k)  is  wav<‘length-dependent  photoelectronic  conversion  efficiency,  or  net  quantum 
ef!icie.icy,  of  the  optics  and  detector. 

In  general,  the  exposure  time  x  is  V3oth  s  for  the  plume  camera  and  variable  to  a  maximum  of 
VMth  s  for  the  tracker  camera.  The  pixel  field  of  view  Qp  is  12.8  by  10.0  prad  s  1.28  x  lO'^**  sr  for 

the  plume  camera,  and  180.5  by  143.9  prad  s  2.6  x  10*^  sr  for  the  tracker  camera.  At  the  t^ical 
range  of  500  km.  these  pixel  fields  of  view  correspond  to  6.4  by  5.0  m  and  90  by  72  m,  respectively. 

For  further  insight  into  the  relationship  of  {Aotoevents  to  source  radiance,  several  forms  of 
^roximation  can  bo  iKlpful.  Eq.  (3)  can  be  rearranged  as 


(4) 


Now  note  that  the  integral  on  the  left  is  similar  to  the  source  radiance  integral,  /  £.(X)  dX, 
except  for  the  X  and  Q(K)  factors.  One  quick  and  simple  approximation  involves  substituting  constant 
values  for  X  and  C(X),  allowing  them  to  come  out  from  under  the  integral  and  move  to  the  right  side. 
For  example,  Xo  =  \2)/2  and  Qo  =  QmatJ^  provide  estimated  “average”  values  that  aUow 

reduction  of  the  integral  to  an  iqiproximate  radiance.  The  sensitivity  of  this  approximate  radiance  to 
X  and  Q(X)  for  various  assumed  spectra  is  discussed  in  Section  4.6  of  Ref.  1.  A  more  fimiuently  used 
iqiproximation,  the  peak  normalized  radiance,  is  discussed  in  the  next  section. 

3.3  The  Peak  Normalized  Radiance  Approximation 

The  second  level  of  data  reduction  involves  manipulation  of  instrument-specific  factors  to 
obtain  ^iproximate  measures  of  radiance  and  other  similar  quantities.  One  common  method  is  called 
peak  normalizatiCHi  in  which  both  sides  of  Eq.  (4)  are  divided  by  the  quantities  Xm  and  QO^).  The 
definition  of  Xn  is  fhe  wavelength  of  peak  net  quantum  efficiency  and  the  definition  of  (2(Xm)  is  the 
peak  net  quantum  efficiency.  The  result  is  called  the  peak  normalized  radiance  Lpn,  which  is  defined 
as 
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\XQ{X)L{X)dk 

A.e(A.) 


(5) 


In  practice,  the  evaluation  of  Lpn  is  based  on  the  measured  Pt  using: 


Table  9  gives  the  values  of  X„,  Q(Xn),  and  Xm  QiX^)  for  each  of  the  filters  and  the  quantity 
hclAfflp  =  1.98  X  10-*  J-nm/cm2-sr. 

Even  though  Eq.  (5)  is  an  exact  expression,  it  is  not  a  true  radiance  because  the  integral 
contains  terms  other  than  L(X).  Lpn  approaches  the  true  radiance  as  [XC(X)Am(2(Xm)]  approaches  1. 
For  UVPI,  Xfkm  is  usually  about  equal  to  1,  but  Q(X)/Q(Xm)  «  1  for  efficiency  curves  like  PC-1  and 
PC-3  with  long,  low  wings.  On  the  other  hand,  efficiency  curves  for  PC-2  and  the  tracker  camera  are 
more  box-like,  and  Q(X)/Q(X„d  is  close  to  one.  This  is  discussed  further  in  Ref.  1. 

Table  9  -  Plume  Camera  Filter,  and  Peak  Quantum  Efficiency 


Filter 

X«(nn) 

eOm) 

^G(X#n) 

(ran) 

Plume  PC-1 

270 

.00606 

1.64 

PlumePC-2 

305 

.00182 

0.555 

Phune  PC-3 

2S0 

.00284 

0.710 

Plume  PC-4 

280 

.0131 

3.67 

Tracker 

333 

.0200 

7.10 

Table  10  presents  peak  normalized  radiance  values  and  reference  spectrum  values  obtained 
from  an  observation  of  the  Starbird  third-stage  rocket  by  using  measured  P/c  from  the  brightest  pixel 
only.  The  ratio  of  the  two  radiances  is  included  in  the  last  column.  The  peak  normalized 
approximation  underestimates  the  reference  spectrum  result  by  a  factor  of  S  or  more  for  filters  PC-1 
and  PC-3,  which  have  efficiency  wings.  On  the  other  hand,  Lpn  is  only  low  by  about  a  factor  of  two 
for  PC-2. 


Table  10  •  Pf/X  and  Lpn  for  Brightest  Pixel 


Filter 

(photoevents/s) 

Lpn 

(pW/sr-cm^) 

L, 

(pW/sr-cm^) 

LpnjLe 

Phone  PC-1 

3.19 

.063 

.514 

0.12 

Phone  PC  -2 

5.95 

.212 

.370 

0.57 

Phone  PC-3 

4.11 

.114 

.335 

0.21 

Phone  PC-4 

53.1 

.297 

.997 

0.30 

Thus,  the  peak  normalized  radiance  is  an  aroroximate  measure  of  the  total  radiance  in  the 
passband  of  the  filter.  A  corrected  radiance  can  be  obtained  if  the  true  spectrum  is  used  to  evaluate 
the  integral  [12].  To  better  estimate  the  true  in-band  radiance,  the  qjproximate  shape  of  the  plume 
spectrum  must  be  knowa 
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3.4  Reference  Spectrum  for  Aluminum-Loaded  Propellants 

The  third  level  of  data  reduction  requires  the  assumption  of  a  spectrum  for  the  emitting 
region.  The  amplitude  of  the  assumed  spectrum  plays  no  role,  but  the  shape  acts  as  a  weighting 
function  within  the  passband  to  determine  the  distribution  of  photons  as  a  function  of  wavelength. 
This  is  important  because  the  instniment  efficiency  is  different  at  each  wavelength  within  a  passband. 
Thus,  the  implied  photon  flux  at  the  telescope  face  for  a  fixed  measurement  of  photoevents.  Pt  will 
depend  on  how  the  photons  are  distributed  across  that  wavelength  interval.  What  is  needed  is  the 
spectral  shape.  Such  a  spectral  shape  is  not  provided  by  the  instrument.  Fortunately,  previous 
measurements  and  theoretical  predictions  can  aid  in  making  the  assumption,  as  explained  below.  The 
sensitivity  of  the  resulting  radiometric  values  to  several  different  spectral  shapes  is  discussed  in 
Section  4.5  of  Ref.  1. 

The  solid  rocket  motors  under  consideration  contain  powdered  aluminum  in  their  propellant. 
This  aluminum  oxidizes  and  emerges  as  an  incandescent  mist  in  the  rocket  exhaust  It  is  this  mist  of 
oxidized  aluminum  panicles  or  droplets  that  emits  much  of  the  UV  radiation  seen  by  UVPI  in  the 
plume  central  region.  This  mist  is  optically  thin.  The  plumes  are,  thus,  partially  transparent.  Because 
the  heat  of  fusion  for  aluminum  oxide  is  very  high  and  the  rate  of  cooling  for  micron-sized  particles 
is  relatively  low,  the  particles  remain  at  roughly  Die  melting  temperature  throughout  the  lengdi  of  the 
plume.  Thus,  most  of  the  light  in  the  plume  will  be  from  this  nearly  transparent  cloud  of  micron¬ 
sized  AI2O3  particles  at  the  melting  point.  2320  K.  : 

The  assumed  spectral  shape  that  will  be  used  is  that  of  a  2300  K  blackbody  times  an 
emissivity  function  caKA.).  shown  in  Fig.  22  [13],  This  emissivity  curve  is  basically  characteristic  of 
hot  alumina  particles  of  the  size  found  in  rocket  exhaust  plumes  [9], 

The  resulting  normalized  spectral  shape  is  fairly  getieric  to  all  solid-fueled  boosters  with 
aluminum-loaded  fuel  and  is  termed  the  reference  spectrum  R(K).  Mathematically, 

f?(2)  =  f„(2)£.„(2).  ;  (7) 

I 

where  LbbC^)  is  the  2300  K  blackbody  spectrum.  The  reference  spectrum,  compared  to  a 
blackbody  spectrum,  is  shown  in  Fig.  23.  The  spectral  shape  is  a  good  approximation  to  actual  rocket 
plume  spectra  as  verified  by  on-board  spectrometers  looking  back  into  rocket  plumes  [14]. 


Wavelength  (jim)  Wavelength  (pm) 


Fig.  22  -  Emisfivity  curve  for  aluminum  particles  in  rocket 
plumes 


Fig.  23  •  Assumed  reference  spectrum 


UCE/UVPl:  Starbird 
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3.5  Use  of  the  Reference  Spectrum  to  Calculate  a  Scaling  Constant 

Assuming  that  the  reference  spectrum  R(k)  gives  the  proper  spectral  shape  for  L{X)  is 
equivalent  to  saying  that  L(K)  and  i?(X)  are  related  by  a  scaling  constant  a  that  is  independent  of  X: 


a 


«(A)- 


(8) 


The  scaling  factor  a  for  a  pixel  can  be  obtained  by  first  calculating  the  number  of 
photoevents  expected  for  the  unsealed  reference  spectrum  P*'  using  the  expression, 

/’/  =  [^]jA2(AVl(A)dA.  (9) 

tvhere  the  calculated  value  is  the  same  for  all  k  (i.e.,  k  is  superfluous).  Then,  using  the  ratio  of  Eq.  (3) 
to  Eq.  (9),  namely. 


jA2(A)Z,(A)rfA  ajAG(A)/?(A)dA 
7^'  ' XQ{X)R{X)dx'  J  Ae(A)/?(A)dA 


(10) 


Therefore,  a*  can  be  determined  for  each  passband  and  for  each  pixel  by  comparing  the 
measured  value  of  P*  to  the  calculated  value  P/', 

a*  =  a* 

which  gives  an  in-band,  effective  value  of  for  that  pixel.  Actually,  these  plumes  are  optically  thin 
and  a*,  in  some  sense,  provides  a  measure  of  the  thinness  or  density  of  emitters  along  the  line  of  sight 
of  that  pixel. 

After  a  is.  known,  the  source  spectral  radiance  function  L(k)  can  be  calculated  by  using  Eq. 
(8)  and.  in  turn,  used  to  calculate  in-band  total  radiance  for  the  plume  data  in  various  filter 
bandpasses.  All  the  radiometric  values  presented  in  this  report  can  be  obtained  from  the  source 
function  L(X),  defined  by  Eqs.  (8)  and  (11).  The  values  for  P^/x  and  P*Vt,  obtained  as  an  average  for 
the  brightest  pixel  over  several  frames  for  the  Starbird  third-stage  plume  in  the  various  filter  bands, 
are  given  in  Table  11. 
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Table  11  -  Photoevents  per  Second  from  Starbird  Third-Stage 
Plume  and  Reference  Spectrum  Model  for  Brightest  Pixel 
and  Ratios  of  These  Values 


H.W.  Smothers  et  al. 


Filter 

PkTl 

(PE/s) 

Pk'n 

(PE/s) 

Hume  PC-1 

5.19 

1898 

2.73x10-3 

Hume  PC-2 

5.95 

1960 

3.04x10-3 

Hume  PC-3 

4.11 

371 

l.llxlO^ 

Hume  PC-4 

55.1 

28400 

1.94x10-3 

3.6  Centroid  Wavelength  Determination 

The  procedure  above  yields  a  function  L(X)  that  describes  the  amplitude  of  the  spectral  shape 
that  corresponds  to  the  observed  number  cf  photoevents.  Describing  this  function  with  a  single 
numerical  value  is  difficult  because  of  the  extremely  rapid  variation  of  the  spectral  radiances  evident 
in  Figs.  26,  through  28  found  in  Section  4.  It  is  sometimes  desirable  to  provide  single  numerical 
values  of  plume  spectral  radiance  and  spectral  radiant  intensity  despite  this  rapid  variation.  This  is 
achieved  simply  by  taking  L(X)  of  Eq.  (8)  at  a  specific  characteristic  wavelength  Xc,  for  each  filter 
passband.  This  could  have  b^n  selected  to  be  the  center  of  each  filter  passband,  but  this  choice 
would  neglect  the  shift  in  the  effective  response  because  of  the  spectrally  varying  source.  A  response 
centroid  wavelength,  weighted  by  the  reference  spectral  function,  was  denned: 

XJ{(X)(2{X)dX 

« 


This  describes  the  wavelength  of  average  contribution  to  the  UVPI  response  for  each  filter. 
These  centroid  wavelengths  were  computed  for  various  spectral  shapes  and  are  shown  in  Table  12,  for 
which  the  integrals  of  Eq.  (12)  have  been  evaluated  as  discrete  summations  over  the  range  of  Q(.X) 
that  is  not  negligible.  The  numbers  in  parentheses  under  the  exact  rrference  spectrum  values  are  the 
rounded  values  that  are  actually  used  throughout  the  report. 


Table  12  -  Centroid  Wavelength  Xc  for  Various  Spectra 


1  PC-3 

PC-1 

1  PC-2 

1  PC-4 

Tracker 

1  (nm) 

(nm) 

1  (nm) 

1  (nm) 

(nm) 

1800K  Blackbody 

270.4 

282.4 

310.0 

314.1 

416.2 

2300K  Blackbody 

263.8 

wEsnm 

309.7 

308.3 

409.7 

Reference  Spectrum 

263.8 

219. \ 

309.6 

306.4 

389.4 

(Rounded) 

(263) 

(310) 

(305) 

(390) 

Flat  Spectrum 

248.1 

270.7 

309.0 

287.3 

369.5 

Peak 

Normalized 

230.0 

270.0 

310.0 

280.0 

355.0 

Defining  Xc  is  simply  a  means  of  selecting  a  nominal  characteristic  wavelength  for  describing 
the  result  of  the  fitting  of  the  spectral  shape  to  the  instrument  measurement  as  single  numerical 
values.  Other  procedures  could  have  been  used  for  selecting  a  reference  wavelength  for  describing 
the  spectral  radiance  function.  One  could,  for  example,  have  taken  the  central  wavelength  for  each 
filter  and  cited  the  numerical  value  of  the  fit  function  at  those  wavelengths.  This  would  yield  different 
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values  for  the  nominal  spectral  radiances,  without  changing  the  function  L(X)  at  all.  In  short,  these 
single  numerical  values  tor  the  rapidly  varying  spectral  radiometric  parameters  must  be  treated  with 
caution. 

3.7  Calculations  of  Radiance  and  Radiant  Intensity 

After  the  spectral  radiance  is  known,  the  spectral  integrals  can  be  evaluated  to  obtain  values 
for  the  radiance; 

L,  •  J*"  L{xyix  =  aj*"  R{X)IX  (13) 

The  units  of  L*  are  (power)/(area)(solid  angle),  or  W/m^-sr.  The  evaluation  of  these  integrals  is 
limited  to  the  nominal  bandwidth  of  the  pertinent  filter.  Note  that  the  integrand  of  Eq.  (13)  does  not 
include  the  response  function  Q(k)  and,  therefore,  does  not  become  small  outside  the  filter  passbands. 
The  values  obtained  for  Lg  will  depend  very  strongly  on  the  limits  of  integration. 

Conversion  to  radiant  intensity  can  be  achieved  from  the  preceding  expressions  by 
multiplying  by  R'^p,  where  R  is  the  range  to  the  source  and  flp  is  the  pixel  field  of  view.  The  result  is 
then  summed  over  the  pixels  containing  signal.  This  is  equivalent  to  summing  the  apparent  radiance 
or  spectral  radiance  over  the  projected  pixel  area  and  attributing  it  to  a  point  source  within  the  field 
of  view  of  the  pixel.  The  spectr^  radiant  intensity  /(X)  and  the  radiant  intensity  /«  can  be  obtained 
directly  from  the  corresponding  expressions  for  the  spectral  radiance  and  radiance,  Eqs.  (8)  and  (13), 
respectively: 

l{X)^R^a^{X)  =  R^a,aR{X),  (14) 

and 

/.-f**/(X)dA  =  /?*n/..  (15) 

The  units  of  /(X)  are  (power)/(spectral  bandwidth)(solid  angle),  or  W/nm-sr,  and  the  units  of  /« 
are  (power)/(solid  angle),  or  W/sr.  As  with  the  radiance,  the  radiant  intensity  is  an  integral  across  a 
limited  portion  of  the  spectrum  defined  by  the  nominal  filter  edges.  The  value  so  obtained  is  far 
smaller  than  that  for  the  full  spectrum  radiant  intensity.  It  will  also  be  very  sensitive  to  the  limits  of 
integration  chosen  for  Eq.  (15). 

3.8  Summary  of  Radiometric  Conversion  Constants 

Table  13  summarizes  the  definitions  of  conversion  constants  most  often  encountered  in 
calculating  one  radiometric  quantity  from  another.  Table  14  gives  the  specific  values  for  the 
conversion  constants  based  on  the  assumed  reference  spectrum.  Any  revised  spectral  shape 
assumption  will  lead  to  a  different  set  of  conversion  constants.  Table  15  lists  the  radiometric  v^ues 
corrcs^nding  to  one  photoevent  per  second.  The  radiant  intensity  values  refer  to  a  range  of  500  km. 
The  values  of  the  spectral  radiance  and  the  radiance  Lg  are  based  on  a  single  photoevent  per 
second  per  pixel.  Any  arbitrary  number  of  photoevents  measured  in  a  particular  pixel  is  multiplied 
by  the  value  in  the  table  to  determine  the  radiance  of  the  source  in  that  pixel's  field  of  view.  The 
values  of  the  spectral  radiant  intensity  /(X^)  and  radiant  intensity  are  per  pixel  even  though  these 
terms  are  used  more  often  to  refer  to  the  total  number  of  photoevents  measured  in  the  entire  plume 
image. 
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Table  13  -  Summary  of  Formulas  Defining  Conversion  Constants 


From 

To 

Op 

Formula 

Pt/l  (photoevents/s) 

(photons/s) 

•Cl 

jXR{}L)dX 

‘  jut{X)Q{X)dX 

^inCphotons/s) 

Pin  (watts) 

•C2 

Ac  f  R{X)dX 
jiJi{X)dX 

Pin  (waus) 

UCffIs) 

^3 

L«(W/sr-cm2) 

/*(W/sr) 

L(Xc)  (W/cm^-sr-nm) 
/(X:)(W/sr.nm) 

♦C4 

\XL{X)dX 

/*(W/sr) 

/(Xr)(W/sr-nm) 

Lf  (W/cm^sr) 
(W/cm^-sr-nm) 

^5 

Cs  =  R% 

Table  14  -  Conversion  Constants  for  the  Reference  Spectrum 


Constant 

Units 

PC-3 

PC-1 

PC-2 

PC-4 

Tracker 

(Xc=26S  nm) 

(Xc=:280  nm) 

(Xc=310nm) 

(Xc=305  nm) 

(Xc=390nm) 

Cl 

photons/PE 

1840 

1510 

976 

294 

66.2 

C2 

joules/photon 

6.61x10-19 

6.41x10-19 

6.19x10-19 

5.11x10-19 

C3 

steradians 

3.12xl0->^ 

3.12xl0-‘'‘ 

3.12x10-14 

3.12x10-14 

3.12x10-14 

C4 

nm 

104.5 

150.2 

20.4 

105.5 

125.2 

Cs 

cm^ 

31.9x10^ 

31.9x10^ 

31.9x104 

31.9x104 

6510x104 

Table  15  -  Radiometric  Values  for  One  Photoevent  Per  Second 


Units 

PC-3 

PC-1 

PC-2 

PC-4 

Tracker 

(Xc=265  nm) 

(Xc=280  nm) 

(Xc=310  nm) 

(X,:=305  nm) 

(Ac=390  nm) 

Pi/t  (photoevenis/s) 

1 

1 

1 

1 

1 

(photons(s) 

1840 

1510 

976 

294 

66.2 

Pin  (watts) 

1.31x10-15 

9.95x10-16 

6.26x10-16 

1.82x10-16 

3.38x10-12 

/c(W/sr) 

4.16x10-2 

3.17x10-2 

1.99x10-2 

5.80x10-3 

1.08x10-3 

/(Xc)  (W/sr-nm) 

3.96x10-4 

2.11x10-4 

9.76x10-4 

5.50x10-5 

8.60x10-6 

Lg  (W/sr-cm^) 

1.30x10-2 

9.94x10-8 

6.24x10-8 

1.82x10-8 

1.65x10-11 

L(Ae)  (W/sr-cm^-nm) 

1.24x10-9 

6.61x10-10 

3.06x10-9 

1.72x10-10 

1.32x10-13 

Note  that  the  conversion  constants  associated  with  /(X^)  and  use  the  rounded  reference 
spectrtim  centroid  wavelength  values  shown  in  parentheses  in  Table  12. 
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4.0  PLUME  DATA 

In  this  section  the  observed  plume  data  are  presented.  The  data  intervals  used  in  this  report 
are  defined  in  4.1,  and  an  overview  of  the  intensity  history  observed  by  each  camera  is  given  in  4.2. 
Examples  of  single  plume-camera  Images  are  given  in  4.3.  Composite  images  with  corresponding 
contour  plots  for  the  defined  data  intervals  for  the  plume  and  tracker  cameras  are  presented  in  4.4 
and  4.S,  respectively.  Subsection  4.6  discusses  the  error  in  the  radiometric  observations.  The 
concluding  subsection,  4.7,  discusses  the  noise  equivalent  radiance  for  the  UVPI. 

4.1  Data  Intervals 

4.1.1  Description  of  Intervals 

Table  16  summarizes  the  Starbird  third-  and  fourth-stage  data  intervals  used  in  this  report. 
Also  included  are  the  number  of  plume-camera  images  and  tracker-camera  images  analyzed  in  each 
interval.  Table  17  reports  important  calibration  parameters  associated  with  the  intervals.  The  UVPI- 
Staihird  range  is  used  to  determine  source  radiant  intensity,  as  discussed  in  4.2.  The  image  angle 
variation  associated  with  a  sequence  of  frames  is  a  measure  of  the  variation  in  plume-image  axis 
orientation  with  respect  lo  TV  lines  in  the  image  display.  This  parameter  is  relevant  to  the  spatial 
analysis  presented  in  Section  S.O. 

The  Starbird  third-stage  plume  was  first  observed  in  the  plume  camera  around  frame  13013. 
Because  of  gain  changes  and  ensuing  transients  in  the  plume  camera,  data  analysis  was  limited  to 
intervals  1  tl^ugh  4  of  Table  16.  Approximately  6.7  s  of  filter  4  data,  1.8  s  of  filter  3  data,  2.0  s  of 
filter  2  data,  and  2.0  s  of  filter  1  data  were  collected  during  this  time.  Analysis  of  tracker  camera  data 
was  restrict^  to  these  same  intervals. 

The  Starbird  fourth-stage  plume  was  first  observed  in  the  plume  camera  around  frame  14368. 
Because  of  gain  changes  and  ensuing  transients  in  the  plume  camera,  analysis  of  both  tracker-  and 
plume-camera  data  was  limited  to  intervals  5  through  7  of  Table  16.  Approximately  6.7  s  of  filter  3 
data,  1.4  s  of  filter  2  data,  and  4.4  s  of  filter  I  data  were  collected  during  ^is  time. 


Table  16  -  Definitions  of  Data  Intervals 


1  Data 
Interval 

Starbird 

Stage 

GMT 

TALO 

(s) 

Plume 

Camera 

Filter 

Telemetry 

Frame 

Range 

No.  of 
Plume 
Images 

No.  of 
Tracker 
Images 

1 

3 

3:39:20.64  - 
3:39:27.31 

115.6- 

122.3 

PC-4 

13543-13743 

157 

40 

2 

3 

3:39:31.54  - 
3:39:33.32 

126.5  - 
128.3 

PC-3 

13870-13923 

41 

11 

3 

3 

3:39:34.91  - 
3:39:36.88 

a 

PC-2 

13971-14030 

48 

12 

4 

3 

3:39:40.79  - 
3:39:42.56 

135.8  - 

137.8 

PC-1 

14147-14200 

44 

10 

5 

4 

3:39:55.33  - 
3:39:59.76 

150.3  - 
154.8 

PC-1 

14.''83-14716 

108 

26 

6 

Hi 

3:40:04.68  - 
3:40:06.10 

PC-2 

14863-14906 

36 

8 

7 

4 

3:40:08.01  - 
3:40:14.75 

H 

PC-3 

14963-15165 

153 

38 

28 
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4.1.2  Calibration  Parameters  Associated  with  Intervals 

There  were  basic  camera  parameters  that  were  pertinent  to  the  radiometric  calibration  of  the 
data  for  all  frames  during  which  the  Starbird  third  and  fourth  stages  were  observed.  These  parameters, 
which  are  listed  in  Appendix  B,  included  time,  telemetry  frame  number,  gain  level  for  bodi  cameras, 
and  exposure  time  for  both  cameras.  The  plume  camera  has  a  constant  Vsoth  of  a  second  exposure 
time  for  each  frame.  The  tracker  camera  has  an  electronic  gate  that  can  vary  the  exposure  time  to  a 
maximum  of  73oth  of  a  second.  Figure  24  shows  the  camera  gain  levels  for  both  tracker  and  plume 
cameras.  Figure  25  shows  exposure  time  for  both  cameras  as  a  function  of  telemetry  frame  number. 
In  these  figures,  the  data  intervals  are  depicted  as  horizontal,  bold,  solid  lines. 


Table  17  -  Parameters  Associated  With  Data  Intervals 


13540  13866  1419Z  14518  14844  15170 
Telemetry  Frame  Number 
Fig.  24  -  Tracker  and  plume  camera  gain 


13540  13866  14192  14518  14844  15170 

Telemetiy  Frame  Number 

Fig.  25  -  Tracker  and  plujne  camera  expoaure  timea 


4.2  Intensity  History  Overview 

As  a  quick  overview.  Figs.  26  and  27  show  plume-camera  long-term  trends  in  the  central 
region  and  total  spectral  radiant  intensity,  respectively.  The  values  plotted  were  derived  by  assuming 
the  reference  spectral  shape.  Figure  28  shows  similar  results  for  the  tracker-camera  total  spectral 
radiant  intensity  in  a  19  by  19  pixel  region  containing  the  plume  camera  field  of  view.  Notice  that  the 
tracker  camera  mean  changes  from  interval  to  interval.  Consequently,  part  of  the  difference  among 
measurements  taken  with  the  four  filters  of  the  plume  camera  is  attributable  to  long-term  tempord 
variations  rather  than  to  spectral  differences. 

For  these  flares,  all  curves  specify  spectral  radiant  intensity  at  the  reference  centroid 
wavelength  for  each  interval. 
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Fi$,  28  •  Spectral  radiant  intensity,  tracker  camera 

4.3  Single  Images 

This  subsection  presents  raw  plume-image  data.  Given  the  characteristics  of  the  UVPI 
cameras,  e.g.,  exposure  time,  optics  apeiture,  and  the  rocket-plume  radiant  intensity,  the  number  of 
photrevents  that  are  re^stered  within  the  focal  plane  array  of  a  camera  can  be  individually  counted 
as  isolated  events.  In  this  respect,  UVPI  can  be  uWd  as  a  ptoton-counting  instrument. 

Rgure  29  shows  single  images,  in  zoom  image  transmission  rate,  of  the  Starbird  third-stage 
bum  for  the  different  filters.  The  image  in  the  upper  left  comer  is  frame  136S7,  PC-4;  the  upper 
right  comer  is  frame  13886,  PC-3;  the  lower  left  comer  is  frame  14018,  PC-2;  and  the  lower  right 
comer  is  frame  14164,  PC-1.  Pixel  radiance  is  encoded  as  image  brighmess,  where  dailc  and  bright 
are.  respectively,  relatively  smaller  and  larger  radiance.  The  images  demonstrate  that  the  shapes  of  the 
plume  central  region  and  outer  region  are  not  necessarily  clearly  delineated  in  a  single  frame. 

Every  bright  spot  on  the  image  corresponds  to  one  or  more  photoevents  that  pile  up  at  that 
particular  pixel  during  the  exposure  time  of  the  camera.  Hgure  30  illustrates  the  number  of 
photoevents  per  second  measured  at  each  pixel  location  in  the  center  64  by  64  pixels  of  the  lower- 
left-comer  image  shown  in  Hg.  29.  The  z  axis  contends  to  the  number  of  photoevents  per  second 
udiile  the  x  and  y  axes  correspond  to  row  and  column  indices.  The  actual  procure  used  to  compute 
the  number  of  {riiotoevents  from  the  measured  digital  number  in  the  UVPI  telemetry  stream  was 
discussed  in  Section  3  and  in  Ref.  1.  Hgure  30  is  also  representative  of  single  images  during  the 
fourth-stage  bum. 
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4.4  Composite  Plume  Camera  Images  and  Contour  Plots 

In  this  subsection  composite  plume  camera  images  and  their  corresponding  contour  plots  are 
presented  that  show  the  spatial  distribution  of  the  time-averaged  plume  radiance.  The  composite 
images  are  made  from  calibrated  versions  of  images  formed  while  observing  the  Starbird  third  and 
fout%  stages  during  the  seven  data  intervals  listed  in  Table  16  of  Section  4.  As  explained  in  Section 
3,  the  reference  emission  spectrum  is  assumed  to  convert  UVPI  measurements  into  units  of  radiance, 
(W/sr-cm2),  for  both  the  Starbird  third-  and  fourth-stage  data.  Within  each  interval  the  plume-to- 
tracker  image  ratio  is  8  to  2,  and  the  exposure  time  for  each  individual  plume  camera  image  is  'Aoth 
of  a  second.  Many  individual  images  are  superposed  to  form  each  composite  image. 

The  limiting  resolution  of  the  UVPI  cameras  is  described  by  the  point  spread  function. 
Observation  of  a  ground-based  beacon,  a  source  less  than  S  m  across,  shows  that  the  full-width-half- 
maximum  of  the  point  source  response  in  the  plume  camera  is  about  9  pixels,  or  about  90  |xrad, 
which  is  equivalent  to  40  m  at  a  4S0-km  range.  Figure  31  shows  a  plume-camera  image  of  the 
beacon  on  the  same  scale  as  the  plume  images  that  follow.  This  is  representative  of  the  plume- 
camera’s  point  spread  function.  Figure  32  shows  the  contour  plot  for  the  ground  beacon,  a  point 
source,  on  the  same  scale  as  Figs.  34,  36,  38, 40, 42,  44,  and  46,  discussed  below.  This  figure  indicates 
th  '  resolution  of  the  plume-camera  contour  plots  as  the  result  of  the  point  spread  function. 

The  Starbird  third  stage  was  observed  with  the  four  plume-camera  filters  and  the  Starbird 
fourth  stage  with  only  three  of  the  four  filters.  Figures  33,  35,  37,  39,  41,  43  and  45  show  the 
resulting  calibrated  composite  images  for  the  seven  data  intervals.  In  these  images,  the  i.^diant 
intensity  has  been  mapped  to  a  false-color  scale  with  black  representing  the  highest  intensity,  light 
blue  the  middle  intensity,  and  white  the  lowest  intensity.  A  horizontal  color  bar  depicting  the 
mapping  of  radiant  intensity  into  colors  is  shown  on  the  lower  left  comer  of  each  image.  A  histogram 
of  the  image  intensity  values  is  shown  above  the  color  bar  in  the  form  of  white  dots. 

Figures  34,  36,  38,  40,  42.  44  and  46  are  contour  plots  for  the  seven  data  intervals,  starting 
with  filter  4  in  the  third  suge  and  ending  with  filter  3  in  the  fourth  stage.  Table  18  contains  the  value 
of  the  maximum  apparent  pixel  radiance  measured  for  the  brightest  pixel  for  the  plume  camera  as  a 
function  of  data  interval.  With  each  picture  or  plot  a  companion  summary  table  provides  relevant 
iitformation  for  the  quantitative  interpretation  of  the  image  or  plot.  The  parameters  presented  in  these 
tables  are  described  in  Table  19. 


Table  18  -  Plume  Camera  Apparent  Peak  Radiometric  Values 


Interval 

Stage 

Filter 

Apparent  Peak 
Radiance  (pW/sr<m2) 

1 

Apparent  Peak 
Spectral  Radiance 
(pW/sr-cm^.pm) 

Centroid 

Wavelength 

(nm) 

1 

3 

PC-4 

9.97xl0'> 

9.44 

305 

2 

3 

PC-3 

5.35x101 

5.12 

265 

3 

3 

PC-2 

3.70x10-1 

1.81x101 

310 

4 

3 

PC-1 

5.14x10- 1; 

3.43 

280 

5 

4 

PC-1 

7.50x10-1 

5.00 

280 

6 

4 

PC-2 

3.69x10-1  i 

1.81x101 

310 

7 

4 

PC-3 

3.24x10-1  i 

3.10 

265 

The  black,  blue,  and  red  contours  represent,  respectively,  plume  radiance  contours  at  95%. 
50%,  and  9.5%  of  the  maximum  radiance  in  the  image.  TTie  radiance  units  are  watts  per  steradian  per 
square  centimeter,  and  the  horizontal  and  vertical  axes  are  scaled  in  meters. 
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Table  19  -  Description  of  Basic  Para-neters 


Aspect  Angle 

Angle,  in  degrees,  between  the  line  of  sight  and  the  rocket  body  longitudinal 
vector 

Avenge  Range 

Avenge  distance,  in  kilometers,  between  UVPI  and  the  plume  target 

Camen  |  Camera  used,  either  tracker  or  plume 

Displayed  Image  Size  1  Size  in  pixels  (picture  elements)  of  the  image  being  displayed 

Number  of 

Supeiposed  Images 

Number  of  images  averaged  together  to  generate  the  composite  image. 
Because  of  the  tracker-to-plume  image  ratio,  this  number  is  not  equal  to  the 
number  of  frames  in  the  range. 

Pixel  Foot  Print 

Projected  pixel  dimensions,  in  meters,  at  target  range.  This  number  dees  not 
account  for  any  spreading  introduced  by  the  optics  or  jitter  because  it 
incorporates  only  the  instantaneous  field  of  view. 

Range  of  Frames  Used 

Range  of  frames  containing  the  set  of  tracker-  or  plume-camera  images 
superposed. 

Spectral  Band 

Spectral  band,  in  nanometers,  covered  by  all  images  within  the  set  This  band 
includes  more  than  99%  of  the  net  quantum  efficiency  response  curve. 

Target  Observed 

Either  Stage  3  or  Stage  4 

Total  Photoevents/s 

Sum  of  all  photoevent-per-second  pixel  values  over  the  specified  region  of 
the  focal  plane 

Total  Radiant  Intensity  (W/sr) 

Radiant  intensity  associated  with  the  total  photoevents  per  second 

Total  Spectral  Radiant 

Intensity  (W/sr-pm) 

Spectral  radiant  intensity  at  the  specified  centroid  wavelength  associated  with 
the  total  photoevents  per  second. 

Apparent  Peak  Radiance 
(pW/sr-cm*) 

The  apparent  radiance  measured  at  the  brightest  pixel  in  an  image.  Because  of 
the  size  and  structure  of  UVPI's  point  spread  function,  the  value  given  is 
likely  not  to  be  a  good  measure  of  the  true  peak  radiance  at  the  source.  The 
value  is  useful  for  rough  comparisons  and  order  of  magnitude  estimates. 

Apparent  Peak 

Spectral  Radiance 
(pW/sr-cm*-pm) 

The  qrparent  spectral  radiance  at  the  specified  centroid  wavelength  measured 
at  the  Inightest  pixel  in  an  image.  Because  of  the  size  and  structure  of  UVPI's 
point  spread  function,  the  value  given  is  likely  not  to  be  a  good  measure  of 
the  true  peak  spectral  radiance  at  the  source.  The  value  is  useful  for  rough 
comparisons  and  order  of  magnitude  estimates. 

Error  (%) 

The  total  enor  associated  with  the  above  radiometric  values.  This  error 
includes  gain  conversion  factor  error  and  the  error  attributable  to  photon  shot 
noise  and  detector  noise.  The  error  estimate  is  based  on  the  total  number  of 
images  superposed.  See  Section  4.6  for  in-depth  discussioiu 

Because  of  the  UVPI's  dynamic  range  of  256  levels  in  the  analog  to  digital  converter,  it  is 
difficult  to  get  well-defined  plume  contours  at  levels  below  9.5%  of  the  maximum  radiance  unless  a 
large  number  of  images  are  supeiposed. 

Table  IS  also  shows  apparent  peak  spectral  radiance  reported  at  the  specified  centroid 
wavelength.  Because  of  the  size  and  structure  of  UVPI's  point  spread  function,  values  given  are 
priniErily  useful  for  rough  comparisons  and  order  of  magnitude  estimates.  Estimates  of  trae  source 
peak  radi^mce  require  farther  ai^ysis.  A  comparison  of  UVPI  apparent  peak  radiance  measurements 
v/ith  CHARM  1.3  code  predictions  is  presented  in  Section  5.3. 

Note  that  the  number  of  images  superposed  in  each  data  interval  can  be  significantly 
different  For  example,  only  36  images  were  used  for  interval  6,  and  157  were  used  for  interval  1.  For 
each  interval,  as  many  images  as  possible  were  superposed. 
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Because  of  the  relatively  '.ong  observation  time,  the  apparent  rocket  velocity  vector  changes 
from  interval  to  interval.  The  velocity  is  directed  out  of  the  page  toward  the  viewer  at  an  angle  that  is 
the  complement  of  the  aspect  angle  shown  in  Fig.  9.  Over  the  period  of  observation,  the  direction  of 
the  rocket  velocity  vector  projected  on  the  image  plane  changes  significantly.  Table  20  summarizes 
the  direction  of  the  velocity  vector  projected  on  the  image  plane. 


Table  20  -  Apparent  Velocity  Vector  Direction  for  Each  Interval 


Interval 

1  Stage 

Filter 

Direction  of  Motion  Relative 
to  Tiacker-Caniera  X  Axis  (deg) 

1 

3 

PC4 

12.4 

2 

3 

PC-3 

-0.88 

3 

3 

PC-2 

•6.24 

4 

3 

PC-1 

-17.5 

5 

4 

PC-1 

-38.3 

6 

4 

PC-2 

•48.0 

7 

4 

PC-3 

-54.0 

.  :  i 


Observing  Sensor; 


Target  Observed; 


Orbit  Nnnber; 


Range  of  Frames  Used; 


Plume 


Displayed  Image  Siie  (pixeis); 


Average  Range  (km); 


Rg.  31  •  Plume-camera  image  of  ground-baaed  beacon  iilualrating  the  point  $pread  functkm 
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Fig.  32  -  Phane-canm  contw  plot  tar  grovod-bwed  beacon 
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HRL/BEHDIX  STflBBIBD  Observation  PC=4  <235-350nii) 

Third  Stage  157  Superposed  Inages 


NRL/flCT  3/30/92. 


Observing  Sensor: 

^I'dlii  lillli  1— — 

Target  Observed: 

Starbird,  Stage  3 

Range  of  Frames  Used: 

13543-13743 

Number  of  Superposed  Images: 

157 

Camera: 

Piiune 

Spectral  Band  (nanometers): 

235-350  (PC-4) 

Displayed  Image  Size  (pixels): 

112  (vertical)  x  91  (horizontal) 

Average  Range  (km): 

596 

Pixel  Footprint  (m)  @  Range: 

5.96  (vertical)  x  7.63  (horizontal) 

Aspect  Angle  (deg): 

45.6 

*Total  Photoevents/s: 

4.29x103 

*TotaI  Radiant  Intensity  (W/sr): 

3.53x101 

*Totai  Spectral  Radiant  Intensity 

9  305  nm  (W/sr*mm): 

3J4x102 

•Error  (%): 

13.6 

*For  fill!  image. 


Rg.  33  •  Composite  plume-camera  image  for  interval  1 
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Third  Stage 


PC=3  <195-295nii> 

41  Superposed  Inages 


NRL>DCT  3>^/92 


UVPI  (Pec.  18. 1990) 


Starbird,  Sage  3 


13870-13923 


Observing  Sensor; 


Target  Observed; 


Range  of  Frames  Used: 


Number  of  Soperposed  Images; 

Camera; 

Spectral  Band  (nanometera); 
Displayed  Image  Siie  (pixels); 

Average  Range  (km); 
Pixel  Footprint  (m)  ^  Range; 

Aspect  Angle  (deg); 

_ *Total  Photoevents/s; 

*Total  Radiant  Intensity  (W/sr); 
*Total  Spectral  Radiant  Intensity 
g  2<5  nm  (W/sr-mm); 
_ *Error  (%); 


41 _ 

Plume 

195-295  (PC-3) _ 

112  (vertical)  x  91  (horizontal) 

565 _ 

5.65  (vertical)  x  7.23  (horizontal) 

46.9 _ 

1.78x10^ _ 

9.46  _ 


9D6xlO^ 

13.2 


*ForiiiIl  image. 


Rg.  35  -  Comporite  pluni»<ainera  image  for  interval  2 


LACElUVPI:  Starbird 


43 


Column  AxisCmeters> 


naxN)  .53uU/sr-cn2 
I  ^.095*fiax  I  =i).50ifiax 


=9.9?*nax 


NRL/RCT  3>^/92 


ObMrvinK  Sensor: 

UVPI  (Dec.  18, 1990) 

Target  Observed: 

Starbiid,Si8ge3 

Range  of  Frames  Used: 

13870-13923 

Nnmber  of  Superposed  Images: 

41 

Camera: 

Plume 

Spectral  Band  (nanometers): 

195-295  (PC-3) 

Displayed  Image  Size  (pixels): 

70.8  (vertical)  x  553  (horizontal) 

Average  Range  (km): 

565 

Pixel  Footprint  (m)  ^  Range: 

5.65  (vertical)  x  7.23  (horizontal) 

Aspect  Angle  (deg): 

46.9 

*Photoevents/8: 

4.11 

*Apparent  Peak  Radiance 
(pW/sr>cm^): 

335X10-1 

^Apparent  Peak  Spectral  Radiance 

9  265  nm  OiW/sr*cm^>pm): 

5.12 

*Ftet)ri|ht«t  pixel 


Fi|.  36  •  Piume-cemera  conlov  plot  for  iiuervel  2 


lACElUVPI:  Starbird 
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NRL/BENDIX  STFlBBlim  Observation 
Third  Stage 


PC=2  <300-328nn> 


^  Sifierposed  Inages 


NRL/flCT  3/30/92 


Observing  Sensor: 

UVPI  (Dec.  18. 1990) 

Target  Observed: 

Starbird,  Stage  3 

Range  of  Frames  Used: 

13971-14030 

Number  of  Superposed  Images: 

48 

Camera: 

Plume 

Spectral  Band  (nanometers): 

300-320  (PC.2) 

Displayed  Image  Size  (pixeis): 

1 12  (vertical)  x  91  (horizontal) 

Average  Range  (km): 

553 

Pixel  Footprint  (m)  @  Range: 

5  J3  (vertical)  x  7.08  (horizontal) 

Aspect  Angie  (deg): 

47.7 

*Total  Photoevents/s: 

3.89x102 

*Total  Radiant  Intensity  (W/sr): 

9.48 

*Total  Spectral  Radiant  Intensity 

9  310  nm  (W/sr-um): 

4.65x102 

•Error  (%): 

16.2 

*Fbr  fill!  inline. 


Fig.  37  •  Cmnpotite  phune-camen  image  for  inten'al  3 


LACElUVPI:  Sutrbird 
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Column  AxisCmeters) 


iiax=8.37UU/sr-cR2  _ 

I  g8.695*tKP<  I  g0.59«f>ax 


NBL/UCT  3m/3Z 


I 


Observlof  Sensor: 

UVPI  (Dec.  18. 1990) 

Target  Observed: 

Staibiid,  Stage  3 

Range  of  Frames  Used: 

13971-14030 

Number  of  Superposed  Images: 

48 

Camera: 

Plume 

Spectral  Band  (nanometers): 

300-320  (PC-2) 

Displayed  Image  Size  (pixels): 

723  (vettical)  x  S63  (horizontal) 

Average  Range  (km): 

553 

Pixel  Footprint  (m)  #  Range: 

533  (vertical)  x  7.08  (horiztxital) 

Aspect  Angle  (deg): 

47.7 

*Pbotoevcnts/s: 

5.95 

*Apparent  Peak  Radiance 
(UW/sr-cns*): 

3.70x10-* 

^Apparent  Peak  Spectra)  Radiance 
•  310  am  (|iW/ar*cm^*lim): 

131x10* 

*Far  brij^UMt  pixel 


Rg.  3S  •  Phnne-cantera  comoor  plot  tot  mteivil  3 


LACE/UVPI;  Starbird 
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Fi|.  39  -  Conqxxite  phune-canwra  image  for  interval  4 


LACE/UVPI:  Starbird 
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Column  AxisCmeters) 


nax=8 .51uU/sr-cn2 

i  =€.fenax  I  =0.5^^nax  i  =0.95»fiax 


NRL/flCT  3/38/92 


Observing  Sensor: 

UVPI  (Dec.  18, 1990) 

Target  Observed: 

Siarbiid,  Stage  3 

Range  of  Frames  Used: 

14147-14200 

Number  of  Superposed  Images: 

44 

Camera: 

Plume 

Spectral  Band  (nanometers): 

220-320  (PC-1) 

Displayed  Image  Size  (pixeis): 

74.8(vertical)  x  58.4(h(xizonta]) 

Average  Range  (km): 

335 

Pixel  Footprint  (m)  @  Range: 

S3S  (vertical)  x  6.8S  (horizontal) 

Aspect  Angle  (deg): 

31.0 

*  Photoevents/s: 

5.19 

*Apparent  Peak  Radiance 
(uW/sr-cm*): 

3.14x10-* 

*Apparent  Peak  Spectral  Radiance 

0  280  nm  (uW/sr-cm^-pm): 

3.43 

*For  bri(hlMt  pixel. 


/  i  ' 


Fig.  40  -  Plunw-ctmera  contour  plot  for  interval  4 


UCE/UVPL-  Starbird 
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NRL/BKNDIX  STflBBIRD  Observation 
Fourth  Stage 


PC=i  (220-320nn' 

108  Superposed  Inages 


i 


KRL/flCI  3/30/32 


Observing  Sensor: 

UVPI  (Dec.  18, 1990) 

Target  Observed: 

Starbird,  Stage  4 

Range  of  Frames  Used: 

14583-14716 

Number  of  Superposed  Images: 

108 

Camera: 

Piiune 

Spectral  Band  (nanometers): 

220-320  (PC-1) 

Displayed  Image  Sixe  (pixels): 

1 12  (vertical)  x  91  (honzontal) 

Average  Range  (km): 

499 

Pixel  Footprint  (m)  @  Range: 

4.99  (vertical)  x  6.38  (horizontal) 

Aspect  Angle  (deg): 

54.4 

*TotaI  Pbotoevents/s: 

4.94x102 

*Total  Radiant  Intensity  (W/sr): 

lJ6xl0l 

*Total  Spectral  Radiant  Intensity 
@  2S0  nm  (W/sr-iim): 

1.04x102 

•Error  (%): 

11.7 

*R>r  fiin  inu(e. 


Hg.  41  -  Composite  plume^smera  image  for  interval  5 


LACE/UVPI:  Starbird 


35 


Column  AxisCmecers> 


naxm .  75uH/sr-cfi2 
I  =g.tl95*fiax  I  =e.5ggwax 


=8.95«nax 


NRL/BCT  3/38/92 


Observiag  Sensor: 

UVPI  (Dec.  18, 1990) 

Target  Observed: 

Starbird,  Stage  4 

Range  of  Frames  Used: 

14S83-14716 

Nnmber  of  Snperposed  Images: 

108 

Camera: 

Plume 

Spectral  Band  (nanometers): 

220-320  (PC-1) 

Displayed  Image  Sixe  (pixels): 

802  (vertical)  x  62.7  (horizontal) 

Average  Range  (km): 

499 

Pixel  Footprint  (m)  @  Range: 

4.99  (vertical)  x  6.38  (horizontal) 

Aspect  Angle  (deg): 

54.4 

*Photoevents/s: 

7.57 

*Apparent  Peak  Radiance 
(UW/sr-cm^): 

7.50x10-* 

*Apparent  Peak  Spectral  Radiance 
•  2S0  nm  (uW/sr-cm^-pm): 

5.00 

*Farl)ri|Juatt  pixel 


Fig.  42  •  Plume-camera  oonkw  piot  for  interval  S 


L 


LACEIUVPL  Siar^ird 
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NRL/BUSOTX  STRBBIBD  Observation 
Fourth  Gti 


PC=2  <300-320nn> 

3lo  Superposed  Inages 


NBL/flCT  3/30/92 


Observing  Sensor: 

UVPKDec.  18. 1990) 

Target  Observed: 

Staibird,  Stage  4 

Range  of  Frames  Used: 

14863-14906 

Number  of  Superposed  Images: 

36 

Camera: 

Plume 

Spectral  Band  (nanometers): 

300-320  (PC-2) 

Displayed  Image  Size  (pixels): 

1 12  (veitical)  x  91  (horizontal) 

Average  Range  (km): 

488 

Pixel  Footprint  (m)  @  Range: 

4.88  (vertical)  x  6.24  (horizontal) 

Aspect  Angle  (deg): 

83.7 

*Total  Pbotoevents/s: 

3.19x102 

*Total  Radiant  Intensity  (W/sr): 

6.04 

*Total  Spectral  Radiant  Intensity 
@  310  nm  (W/sr>iim): 

2.96x102 

•Error  (%): 

16.8 

*Fbr  full  image. 


Hg.  43  -  Con^oaite  phime-camera  image  for  interval  6 


Rou  AxisCmeters) 


LACE/UVPI;  Sutrbird 
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Column  AxisCmeters> 


RaK=9 .37UI/sr-crt2 

I  i^.6^*tiax  i  =€>.5B»wax  I  =8.95»wax 


HRL/flCT  3/38/92 


Observing  Sensor: 

UVPI  (Dec.  18. 1990) 

Target  Observed: 

Slsrt>iid,  Stage  4 

Range  of  Frames  Used: 

14863-14906 

Number  of  Superposed  Images: 

36 

Camera: 

nome 

Spectral  Band  (nanometers): 

300-320  (PC-2) 

Displayed  Image  Sise  (pixels): 

82.0  (vertical)  x  64.1  (horizontal) 

Average  Range  (km): 

488 

Pixel  Footprint  (m)  @  Range: 

83.7 

*Photoevents/s: 

5.93 

^Apparent  Peak  Radiance 
(wW/sr-cm*): 

3.69x10-* 

*Apparettt  Peak  Spectral  Radiance 

9  310  am  OiW/sr*cm^>(im): 

1.81x10* 

*Far  brifhiett  pi»L 


Rg.  44  •  Phtraa-canwrm  conloar  plot  {or  intoval  6 


lACE/UVPl:  Starbird 
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NRL/BENOIX  STfffiBIBD  Observation 
Fourth  Sta^ 


PC=3  <195-295nii) 

153  Superposed  Inage 


NBL/flCT  3/30/82 


Observing  Sensor: 

UVPI  (Dec.  18, 1990) 

Target  Observed: 

Starbird,  Stage  4 

Range  of  Frames  Used: 

14963-15165 

Number  of  Superposed  Images: 

153 

Camera: 

Plume 

Spectral  Band  (nanometers): 

195-295  (PC-3)  i 

Displayed  Image  Size  (pixels): 

1 12  (vertical)  x  91  (horizontal) 

Average  Range  (km): 

483 

Pixel  Footprint  (m)  @  Range: 

4.83  (vertical)  x  6.18  (horizontal) 

Aspect  Angle  (deg): 

91.7 

*Tcial  Photoevents/s: 

2.21x102 

*Total  Radiant  Intensity  (W/sr): 

8.55 

*Total  Spectral  Radiant  Intensity 
@  265  nm  (W/sr-pm): 

8.19x10^ 

•Error  (%): 

11.9 

*For  fUn  nnife. 


Fi|.  45  -  Composite  ptume-csmere  image  for  interval  7 


LACEIUVPI:  Slarbird 


Fourth  Stage  CPC=3  l95-29onm^ 

hqo.qq  t  ^ 


aaa.aa 


SOQ.aa 


LOQ.aa 


0 . oaa  H — 
a  .aaa 


laa.aa  aaa.aa  aaa.aa  noa  aa 


Column  Axis<rmet er 5> 

iia}(=8.32ull/sr-cn2  _  ^  ^ 

I  ^.eaSifiax  I  =0.5e»wax  I  =€.95*«ax 


HRL/flCT  3/38/92 


UVPI 


Staibird.StaKe4 


14963-1S16S 


153 


Plume 


195-295 


82J  (vertical)  x  64.7 


483 


4  J3  (vertical)  x6.18 


91.7 


2.49 


3J4xlO-» 


*ApparcBt  Peak  Spectral  Radiance 
_ ^  265  niB  QiW/ir-CBi^-UM);  3.10 


■For  bngbtMt  pixel 

Rg.  46  -  Phan»<ameni  ooniov  plot  Ibr  iniatvel  7 


Obsenrinc  Sensor: 


Taraet  Observed: 


Ranae  of  Frames  Used: 


Nnmber  of  Superposed  Imaaes 


Camera 


Spectral  Band  (naBometers): 


Displayed  Image  Size  (pixels) 


_  Average  Range  (km) 


Pixel  Footprint  (m)  @  Range: 


Aspect  Angle  (deg) 


*PhotoeveBts/s 
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H.W.  Smothers  et  al. 


4.5  Calibrated  Tracker  Camera  Images 


While  the  plume  camera  gathered  rocket  plume  images,  the  tracker  camera  gathered  images  at 
a  lower  rate  because  of  the  plume-to-tracker  image  ratio,  llie  tracker  camera's  exposure  time  varied 
over  the  data  intervals  as  shown  in  Table  21. 


Table  21  -  Tracker  Camera  Exposure  Time 


Dtulntervil 

Tncker  Cwnen  Exposure  Time 
(ms) 

1 

8.60 

2 

12.2 

3 

12.2 

4 

12.2 

5 

15.4 

6 

15.4 

7 

15.4 

The  limiting  resolution  of  the  UVPI  cameras  described  by  the  point  spread  function. 
Observation  of  the  ground-based  beacon,  a  source  less  than  S  m  across,  showed  that  the  firll-width- 
half-maximum  of  tte  point  source  response  in  the  tracker  camera  is  about  1.5  pixels,  or  about  230 
prad.  This  is  equivalent  to  104  m  at  a  450-km  range.  A  tracker-camera  contour  plot  of  the  ground- 
based  beacon  is  shown  in  Fig.  47.  This  is  representative  of  the  tracker-camera’s  point  spread  function 
and  can  be  compared  with  the  interval  3  tracker-camera  contour  plot  shown  in  Fig.  48.  Figure  49 
shows  a  tracker-camera  image  of  the  ground-based  beacon  on  the  same  scale  as  the  Starbird  tracker- 
camera  images  that  follow.  The  corresponding  composite  tracker-camera  images  for  each  of  the 
seven  data  intervals  are  shown  in  Figs.  50  through  56. 

With  each  picture  or  plot  a  companion  summary  table  provides  relevant  information  for  the 
^antitative  inteipretation  of  the  image  or  plot  The  parameters  presented  in  these  tables  are  described 
in  Table  19.  Radiometric  values  reported  in  the  table  accompanying  each  figure  are  for  the  central  19 
by  19  pixels  of  the  tracker  camera.  This  field  of  view  approximately  matches  the  total  field  of  view  of 
the  plume  camera.  It  contains  plume  central  region  and  a  portion  of  the  outer  region.  Therefore,  it 
cannot  reliably  be  convened  to  radiant  intensity  or  spectral  radiant  intensity.  However,  to  provide 
estimates  of  the  radiant  intensity  and  spectral  radiant  intensity,  values  based  on  reference  spectral 
energy  distribution  assumptions  are  reported  for  the  tracker  camera  observations.  These  results  have 
been  reduced  by  16.3%  to  account  for  ted  leakage  in  the  tracker-camera  filter. 

Note  that  the  number  of  images  superposed  in  each  data  interval  can  be  significantly 
different.  For  example,  only  8  images  were  used  for  interval  6,  and  40  were  used  for  interval  1.  For 
each  interval,  as  many  images  as  possible  were  superposed. 


LACEI’JVPI:  Suirbird 
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Column  Axis:  <meters) 


nax^  .33ijM/sr-icn2 
I  =fl.Bfeifiax  I  =8.!58Htwax 


I.SSSfiax 


NBLyUCI  G/S/B2 


Obserring  Sensor: 

Target  Observed: 

Staibinl,  Stage  3 

Range  of  Frames  Used: 

13971-14030 

Number  of  Superposed  Images: 

12 

Camera: 

Trackrr  1 

Spectral  Band  (nanometers): 

255-450  1 

Displayed  Image  Size  (km): 

2  (vertical)  X  2  (horizontal)  1 

Average  Range  (km): 

553  1 

Pixel  Footprint  (m)  @  Range: 

Aspect  Angle  (deg): 

47.7  \ 

*Pbotoevcnts/8: 

ZOOxlO^  1 

*Apparent  Peak  Radiance 
(uW/sr-cm*): 

3J33xl0-»  1 

1 

2j65 

*For  bri(hte«t  pixel 


Rg.  48  •  Trecker-cemcra  caatoar  plot  for  iniervei  3 


UCEIVVPI;  Starbird 
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Tracker  Cafiera  FSF  Estinate 


I 


NBL/flCT  8/6/92 


Obscnring  Sensor: 

UVPI 

Target  Obsenred: 

UVFI  Gtoaxi-Rased  Beacon 

Orbit  Nonber: 

1173 

Range  of  Frames  Used: 

12772-12772 

Camera: 

DadEer 

Displayed  Image  She  (pixeh): 

Average  Range  (km): 

4S0  1 

Fig.  49  •  TVackar-cmen  image  of  groond-baied  beacon  iDaiTating  the  point  qnad  Amctkm 


LACElUVPI:  Starbird 


NRL/BENDIX  STRBBIRn  Observation 
Tracker  Canera  Set  1 


NRL/flCI  6/5/92 


Observing  Sensor: 

UVPI  (Dec.  18. 1990) 

Target  Observed: 

Starbird,  Stage  3 

Range  of  Frames  Used: 

13543-13743 

Number  of  Superposed  Images: 

40 

Camera: 

Tracter 

Spectral  Band  (nanometers): 

255-450 

Displayed  Image  Size  (pixels): 

1 12  (vertical)  x  91  (iuHizontal) 

Average  Range  (km): 

596 

Pixel  Footprint  (m)  @  Range: 

85.8  (vertical)  x  107.6  (horizontal) 

Aspect  Angle  (deg): 

45.6 

*Total  Pbotoevents/s: 

1.07x105 

*Total  Radiant  Intensity  (W/sr): 

1.63x102 

*Total  Spectral  Radiant  Intensity 
@  390  nm  (W/sr-iim): 

1.30x103 

•Error  (%): 

15.6 

*For  central  19  x  19  pixels. 


Fig.  SO  -  Con^site  tracker-camera  image  for  interval  1 


LACEIUVPI:  Starbird 


73 


NRI^iQOilX  STHRBIBO  Observation 
Tracker  Canera  Set  2 


NRL/RCT  6/5/92 


Observing  Sensor: 

UVPI  (Dec.  18, 1990) 

Target  Observed: 

Starbird,  Stage  3 

Range  of  Frames  Used: 

13870-13923 

Number  of  Superposed  Images: 

11 

Camera: 

Tadca 

Spectral  Band  (nanometers): 

255450 

Displayed  Image  Size  (pixels): 

Average  Range  (km): 

565  1 

Pixel  Footprint  (m)  @  Range: 

Aspect  Angle  (deg): 

46.9 

*Total  Photoevents/s: 

1.23x105 

*Total  Radiant  Intensity  (W/sr); 

1.69x102 

*Total  Spectral  Radiant  Intensity 
@  390  nm  (W/sr-(im): 

135x103 

•Error  (%): 

At  least  15.6 

*P6r  ceniril  19  x  19  pixels. 


Fig.  51  •  Con^osite  trscker-csmera  imsge  for  intervil  2 


LACEIUVPI:  Starbird 
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NRL/BENDIX  STRRBIBD  Observation 
Tracker  Canera  Set  3 


NBiyflCT  6/5/92 

y 


Observing  Sensor: 

UVPI  (Dec.  18, 1990) 

Target  Observed: 

Starbird,  Stage  3 

Range  of  Frames  Used: 

13971-14030 

Number  of  Superposed  Images: 

12 

Camera: 

Tracker 

Spectral  Band  (nanometers): 

255450 

Displayed  Image  Size  (pixels): 

1 12  (vertical)  x  91  (horizontal) 

Average  Range  (km): 

553 

Pixel  Footprint  (m)  @  Range: 

79.6  (vertical)  x  99.9  (horizontal) 

Aspect  Angle  (deg): 

47.7 

*Total  Photoevents/s: 

1.26x105 

*Total  Radiant  Intensity  (W/sr): 

1.66x102 

*Totai  Spectral  Radiant  Intensity 
@  390  am  (W/sr-jim): 

1.32x103 

•Error  (%): 

At  Least  15.6 

*For  central  19  x  19  pixels. 


Hg.  52  -  Composite  tracker-camera  image  for  interval  3 


LACEIUVPI:  Starbird 
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NBL/6ENDIX  SinBBIBD  Observation 
Tracker  Canera  Set  A 


NRL/flCT  6/5/92 


Observing  Sensor: 

UVPI  (Dec.  18. 1990) 

Target  Observed: 

Starbiivl,  Stage  3 

Range  of  Frames  Used: 

14147-14200 

Number  of  Superposed  Images:! 

10 

Camera: 

ThdtBr 

Spectral  Band  (nanometers):  i 

255-450 

Displayed  Image  Size  (pixels):  ' 

112  (vertical)  x  91  (horizontal) 

Average  Range  (km): 

535 

Pixel  Footprint  (m)  @  Range: 

77.0  (vertical)  x  96.5  (horizontal) 

Aspect  Angle  (deg): 

51.0 

*Total  Photoevents/s: 

8.22x10^ 

*Total  Radiant  Intensity  (W/sr): 

1.01x102 

*Total  Spectral  Radiant  Intensity 
@  390  nm  (W/sr-iim): 

8.09x102 

•Error  (%): 

At  least  15.6 

*For  central  19  x  19  pixels. 


Fig.  S3  -  Composite  tracker-camera  image  for  interval  4 


LACE/UVPI:  Starbird 
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NRL/BEHDIX  STfiBBIRD  Observation 
Tracker  Canera  Set  5 


NHL/fieT  6/5/92 


Observing  Sensor: 

UVPI  (Dec.  18, 1990) 

Target  Observed: 

Starbird,  Stage  4 

Range  of  Frames  Used: 

14583-14716 

Number  of  Superposed  Images: 

26 

Camera: 

Tiarka 

Spectral  Band  (nanometers): 

255-450 

Displayed  Image  Size  (pixels): 

1 12  (vertical)  x  91  (horizontal) 

Average  Range  (km): 

499 

Pixel  Footprint  (m)  @  Range: 

71.8  (vertical)  x  90.0  (horizontal) 

Aspect  Angle  (deg): 

54.4 

*Total  Photoevents/s: 

9.89x10^ 

*Total  Radiant  Intensity  (W/sr): 

1.06x102 

*Total  Spectral  Radiant  Intensity 
@  390  nm  (W/sr>4m): 

8.46x102 

•Error  {%): 

18.3 

*For  central  19  x  19  pixels. 


Fig.  54  -  Composite  tracker-camera  image  for  interval  S 


LACE/UVPI:  Starbird 


NBL/6ENDIX  STRBBIBD  Observation 
Tracker  Canera  Set  6 


% 


NRL/aCI  6/5/92 


Observinn  Sensor; 

_ _ Target  Observed; 

Range  of  Frames  Used; 
Number  of  Superposed  Images; 

Camera; 

Spectral  Band  (nanometers); 
Displayed  Image  Size  (pixels); 

Average  Range  (km); 
Pixel  Footprint  (m)  @  Range; 

Aspect  Angle  (deg); 
*Total  Photoevents/s; 
*Total  Radiant  Intensity  (W/sr); 
*Total  Spectral  Radiant  Intensity 
^  390  nm  (W/sr-tim); 

_ •Error  (%); 

•For  central  19  x  19  pixeb. 


UVPI  (Dec.  18, 1990) _ 

Starbird,  Stage  4 _ 

14863-14906 _ 

_ 

Tracker _ 

255-450 _ 

112  (vertical)  x  91  (horizontal) 

488 _ 

702  (vertical)  x  88.0  (horizontal) 

83.7 _ 

UOxlO^ _ 

1.34x102 _ 

1.07x103 _ 

At  least  15.6 


Fig.  55  -  Compofite  tracker^amera  image  for  interval  6 


LACEIUVPI:  Starbird 


NBL/BENBIX  STRRBIRD  Observation 
Tracker  Canera  Set  7 


$ 


NRL/BCT  6/5792 


Observing  Sensor: 

UVPI  (Dec.  18, 1990) 

Target  Observed: 

Starbird,  Stage  4 

Range  of  Frames  Used: 

14963-15165 

Number  of  Superposed  Images: 

38 

Camera: 

Tracker 

Spectral  Band  (nanometers): 

255-450 

Displayed  Image  Size  (pixels): 

1 12  (vertical)  x  91  (horizontal) 

Average  Range  (km): 

483 

Pixel  Footprint  (m)  0)  Range: 

69.4  (vertical)  x  87.1  (horizontal) 

Aspect  Angle  (deg): 

91.7 

•Total  Photoevents/s: 

1.59x105 

•Total  Radiant  Intensity  (W/sr): 

1.60x102 

•Total  Spectral  Radiant  Intensity  , 

@  390  nm  (W/sr-jim): 

1.28x103 

•Error  (%): 

15.6 

•For  central  19  x  19  pixels. 


Fig.  56  -  Composite  tracker-camera  image  for  interval  7 
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4.6  Error  Analysis  for  Radiometric  Observations 

The  complete  estimate  of  the  error  in  determining  radiometric  values  from  the  digital 
numbers  reported  by  the  UVPI  cameras  observing  a  rocket  plume  is  composed  of  two  components: 
measurement  noise,  summarized  in  4.6.1,  which  includes  photon  shot  noise  and  other  intrinsic  sensor 
noise  sources;  and  calibration  error,  summarized  in  4.6.2,  which  is  the  error  contained  in  the  gain 
conversion  factor.  Section  4.6.3  summarizes  the  calculation  of  the  total  error  based  on  the  error 
components  presented  in  4.6.1  and  4.6.2.  Detailed  discussions  of  error  estimates  are  found  in  Ref.  1. 

4.6.1  Error  Due  to  Measurement  Noise 

As  a  result  of  photon  shot  noise,  the  error  in  the  calculated  number  of  photoevents  changes  as 
a  function  of  the  plume  radiant  intensity,  which  could  change  as  a  function  of  time.  This  error 
analysis  assumes  thk  the  radiant  intensity  statistics  are  not  affect^  by  a  small  shift  in  time.  A  window 
size  of  15  consecutive  images  was  selected  for  the  statistical  analysis  of  the  plume-camera  data,  and  a 
window  of  9  consecutive  images  was  selected  for  die  tracker-camera  analysis.  A  larger  time  window 
could  be  used  but  with  the  risk  of  making  the  locally  constant  assumption  invalid. 

Given  the  number  of  photoevents  as  a  function  of  image,  the  following  quantities  are  defined: 

M  is  number  of  images  in  data  interval, 

N  is  number  of  images  used  within  the  window, 

Pi  is  local  mean  over  N  images  around  ith  image, 

Oj  is  local  standard  deviation  around  ith  image, 
ti  is  3.1  Oj  +  p,-,  detection  threshold, 

Cj  is  Oj  /  Pj,  local  error  around  the  ith  image, 

Gg  is  gain  conversion  factor  for  gain  step  g,  in  units  of  sensor  output  per  photoevent, 
e  \iG  is  error  in  MGg^ 

is  average  loc^  error  in  the  measured  number, 

06) 

is  upper  bound  error  in  the  measured  number  for  the  case  of  M  averaged  images. 


over  all  i. 


(17) 


To  prevent  extreme  values  from  affecting  the  local  statistics,  the  maximum  and  minimum 
values  within  the  N  window  samples  were  rejected.  That  is,  only  N-2  images  were  used  for  the  local 
mean  and  local  standard  deviation  computation.  Under  the  assumption  that  the  mean  radiant  intensity 
is  high  enough  for  the  radiant  intensity  fluctuations  to  be  modeled  by  a  gaussian  distribution,  the 
probability  of  exceeding  the  threshold  //,  is  no  more  than  0.001. 

Table  22  lists  M,  the  number  of  images  averaged  in  each  data  interval,  and  esf  the  error  due  to 
measurement  in  the  values  averaged  over  the  window  that  consists  of  N  images.  There  are  three 
columns  of  values  corresponding  to  plume-camera  central  region  measurements,  plume  camera 
central  region  plus  outer  region,  and  tracker-camera  19  by  19  pixel  field  of  view.  The  19  by  19 
tracker  camera  pixels  approximately  cover  the  full  field  of  view  of  the  plume  camera.  The  central 
region  and  outer  region  as  used  in  this  report  are  defined  in  Section  5.1.  Note  that  four  of  the  tracker 
camera  intervals  had  too  few  frames  to  calculate  tff. 


LACEIUVPI;  Utarbird 
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Table  22  -  Percent  Error  per  Image  Due  to  Measurement  Noise,  en 


Interval 

Images  (M) 

Plume-Camera 
Central  Region 

Plume-Camera  Central 
Region  +  Outer  Region 

Tracker  Camera 
19x  19 

1 

157 

12.9 

14.0 

5.8 

2 

41 

48.0 

40.9 

- 

3 

48 

45.9 

45.7 

- 

4 

44 

44.8 

41.7 

-■ 

5 

108 

42.6 

38.6 

4.3 

6 

36 

47.1 

26.9 

- 

7 

153 

60.8 

53.5 

5.0 

4.6.2  Error  in  Gain  Conversion  Factor 

The  gain  conversion  factor  Gg,  derived  from  on-orbit  calibration  as  discussed  in  the 
methodology  report  [1],  is  based  on  calibration  star  measurements.  On  the  basis  of  measurements  of 
several  calibration  stars  over  the  full  set  of  UVPI  camera  gains,  an  estimate  of  error  associated  with  Gg 
can  be  obtained  for  each  camera  configuration.  This  can  be  done  by  calculating  the  deviations  of 
individual  calibration  star  measurements  about  a  mean  value  for  average  and  maximum  deviation 
from  the  calibration  curve. 

Table  23  tabulates  the  error  associated  with  the  gain  conversion  factor  for  the  plume  and 
tracker  cameras.  The  average  deviation  is  a  good  error  estimate:  the  maximum  deviation  gives  a 
worst-case  estimate. 


Table  23  -  Error  in  MGg  for  Tracker  and  Plume  Cameras 


Camera/Filter 

Average  Deviation  from 
Mean  Calibration  Curve 

Maximum  Deviation  from 
Mean  Calibration  Curve 

Tracker 

15.6% 

17.3% 

Plume,  PC-1 

10.5% 

33.3% 

Plume,  PC-2 

15.9% 

25.2% 

Plume,  PC-3 

9.9% 

24.7% 

Plume,  PC-4 

13.5% 

26.0% 

4.6.3  Calculation  of  Total  Error 

The  estimated  total  calibration  error  depends  on  the  number  of  images  averaged  together,  M. 
In  this  report  we  define  the  total  error  as  the  ratio  of  the  standard  deviations  of  the  number  of 
photoevents  to  the  mean  value  of  the  number  of  photoevents.  Assuming  that  the  digital  number 
reported  by  UVPI  for  a  calibration  star  and  the  gain  conversion  fartor  Gg  are  uncorrelated,  or  weakly 
correlated,  then  the  total  error  per  image  tp  can  be  obtained  from  the  relation  [15]: 

=  V  (18) 


where  ts  is  the  average  local  error  in  the  number  of  measured  photoevents  presented  in  Table  22  and 
tUQ  is  the  error  in  the  gain  conversion  factor  tabulated  in  Table  23. 

For  the  case  of  M  averaged  images,  an  upper  bound  estimate  of  the  total  error  is  given  by 
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Ct  = 

Notice  that  t-p  can  never  be  smaller  than  t^jQ  no  matter  how  many  images  are  averaged 
together. 

Table  24  summarizes  the  overall  error  analysis  results  for  the  plume  central  region  radiant 
intensities  for  each  of  the  data  intervals.  The  Hrst  column  identifies  the  data  interval.  The  second 
column  contains  the  number  of  images  within  the  data  interval.  The  column  under  the  K  heading 
contains  the  ratio  of  the  average  standard  deviation  of  photoevents  to  the  square  root  of  the  average 
number  of  plmtoevents,  i.e.. 


(20) 


Under  the  assumption  that  the  signal  is  not  changing  rapidly  in  time,  K  relates  the  measured 
noise  to  the  theoretical  performance  of  a  background-limited  system,  where  the  dominant  source  of 
noise  is  shot  noise.  A  ratio  of  K=l  implies  pure  background-limited  performance.  Hence,  the  values 
obtained  indicate  that  although  UVPI  is  close  to  background-limited  performance,  other  sources  of 
sensor  noise  are  present. 

Table  24  -  Plume  Central  Region  Radiometric  Percent  Errors  for  Plume  Camera 


Interval 

1  M 

1 

1 

1  ^ 

1 

157 

1.38 

18.7 

13.6 

2 

41 

1.03 

49.2 

15.3 

3 

48 

1.14 

49.1 

16.1 

4 

44 

1.40 

46.3 

14.4 

5 

108 

1.48 

44.1 

12.0 

6 

36 

1.07 

50.2 

18.9 

7 

153 

1.26 

61.9 

13.2 

The  fourth  and  fifth  columns  show,  respectively,  the  total  percent  error  on  an  image-by- 
image  basis  and  the  total  percent  error  resulting  after  averaging  all  M  images  available  within  the 
appropriate  data  interval. 

Similar  to  Table  24,  Tables  25  and  26  show,  respectively,  the  radiant  intensity  errors  for  the 
total  plume  camera  field  of  view  and  those  for  the  19  by  19  tracker  camera  pixels  that  overlay  the 
plume-camera  field  of  view. 

For  those  intervals  in  which  there  were  too  few  frames  to  calculate  K  and  e/r,  the  gain 
conversion  factor  error  cya,  is  given  as  a  lower  bound  for  tp. 

Table  27  lists  Cj  for  each  of  the  seven  data  intervals  for  the  plume  camera  observing  the 
central  region  only,  the  plume  camera  observing  the  central  region  and  the  outer  region,  and  the  19 
by  19  pixel  field  in  the  tracker  camera  that  corresponds  to  the  full  plume  camera  held  of  view. 


LACEJUVPl;  Starbird 
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Table  25  -  Central  Region  Plus  Outer  Region  Radiometric  Percent  Errors  for  Plume  Camera 


Interval 

1  M 

1 

1  Ef 

1  Ej- 

1 

157 

1.67 

19.5 

13.6 

2 

41 

1.00 

42.3 

13.2 

3 

48 

1.61 

48.9 

16.2 

4 

44 

1.42 

43.2 

14.4 

5 

108 

1.53 

40.2 

11.7 

6 

36 

0.88 

31.6 

16.8 

7 

153 

1.37 

54.7 

11.9 

Table  26  -  Radiometric  Percent  Errors:  Tracker  Camera  Over  19  x  19  Pixel  Window 


Interval 

1  " 

[ 

1  Ey* 

1 

40 

1.9 

16.7 

15.6 

2 

11 

- 

- 

ai5.6 

3 

12 

- 

- 

S15.6 

4 

10 

- 

- 

^15.6 

5 

26 

1.8 

16.2 

18.3 

6 

8 

- 

- 

^15.6 

7 

38 

2.7 

16.4 

15.6 

*Nat  redletk  corrected 


Table  27  -  Total  Radiometric  Percent  Errors, 


Interval 

Plume  Camera 
Central  Region 

Plume  Camera  Central 
Region  +  Outer  Region 

Tracker  Camera 
19x  19* 

1 

13.6 

13.6 

15.6 

2 

15.3 

13.2 

^15.6 

3 

16.1 

16.2 

^15.6 

4 

14.4 

14.4 

S15.6 

5 

12.0 

11.7 

18.3 

6 

18.9 

16.8 

S15.6 

7 

13.2 

11.9 

15.6 

*Not  tedleak  corrected 


4.7  Noise  Equivalent  Radiance 

Following  the  noise  equivalent  radiance  (NER)  definition  given  in  the  Infrared  Handbook 
[16],  the  UVPI  Nl^  is  defined  as  the  source  radiance  level  that  will  result  in  a  signal-to-noise  ratio  of 
1  at  the  output  of  a  single  pixel.  The  NER  can  be  interpreted  as  the  sensitivity  limit  for  an  imaging 
system.  For  UVPI,  a  single  NER  number  does  not  fully  characterize  the  sensitivity  of  the  system  since 
this  is  a  function  of  integration  time,  spectral  filter,  camera  gain  level,  number  of  images  superposed, 
and  the  assumed  source  spectnim. 

The  following  discussion  is  based  on  empirical  estimates  of  the  signal  and  noise  within  the 
UVPI  cameras  as  opposed  to  a  theoretical  discussion.  Reference  17  provides  theoretical  expression 
for  the  signal  power  to  noise  power  ratio  that  is  applicable  to  the  microchannel  plate  image  intensifler 
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of  the  UVPI.  A  single  pixel  in  the  plume  or  tracker  camera  can  be  treated  as  a  photo^ent  couming 
device.  The  signal-to-noise  ratio  (SI^)  definition  from  which  the  empirical  UVPI  NER  is  derived  is 


(SAW)*  = 


(21) 


where: 

M  is  the  number  of  images  superposed.  This  affects  the  effective  integration  time. 

S  is  the  mean  number  of  signal-related  photoevents  collected  in  a  pixel  during  the 

integration  time. 

N  is  the  signal-independent  noise  standard  deviation  for  a  single  pixel  in  a  single  image 
express^  in  photoevents^ixel-image.  This  noise  source  is  constant.  When  expressed 
in  [rfiotoevents/pixel-image,  its  level  depends  on  the  camera  gain  setting  used. 

Ng  is  the  sigiud-dependent  i^oton  shot  noise  standard  deviation,  in  a  pixel  during  the 
integration  time,  expressed  in  photoevents/pixel-image.  Based  on  extensive 
measurements  made  on  UVPI  data,  the  signal-dependent  noise  can  be  expressed  in 
terms  of  the  mean  number  of  signal-related  photoevents  by  using  the  equation: 

Af,  =  2SV».  (22) 

Note  that  this  is  two  times  higher  than  the  photon  shot  noise  prediction. 

From  the  SNR  expression  above,  the  mean  number  of  signal-related  photoevents;^ixel-image 
in  a  pixel  that  will  result  in  a  SNR  of  1  is 


S'= 


2  l  +  + 

M 


(23) 


Notice  that  for  the  case  of  only  one  superposed  image,  M-\,  aixl  a  negligible  level  of  sensor 
noise  N,  tiie  resulting  sensitivity  limit  is  4  photoevents/pixel-image.  The  NER  is  related  to  S*  by  a 
multiplicative  constant  K,  i.e., 


2k\\  +  (i+M*N^/4)'^ 

— - - - 4,  (24) 

M 

where  JIT  is  the  radiometric  calibration  constant  that  converts  from  i^iotoevents^xel-image  to  pW/sr- 
cm2.  AT  is  a  function  of  the  spectral  filter  used,  the  single  image  exposure  time,  and  the  assumed 
source  spectrum. 

The  radiometric  sensitivi^  could  also  be  improved  by  performing  spatial  averaging  but  at  the 
expense  of  a  lower  spatial  resolution. 

Table  28  summarizes  the  estimated  NERs,  or  sensitivity  levels,  fbr  the  seven  data  intervals  for 
the  plume  camera  under  the  assumption  of  the  reference  spectrum.  Since,  for  the  plume  camera,  the 
signal-independent  noise  is  negligible  compared  to  the  signal-dependent  noise,  image  superposition 
provided  an  increase  in  sensitivity  that  is  liriear  with  the  number  of  superposed  images. 
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Table  28  -  Plume  Camera  NER  Per  Pixel  for  Data  Intervals 


Data 

Interval 

Stage 

Filter 

UVPl 
Gain  Step 

NER  for  Single 
Liiage  (W/sr-cm^) 

No.  of  Images 
Siqienxised 

NER  for  Data 
Interval  (W/sr-cm^) 

1 

3 

PC-4 

11 

2.3x10-'^ 

157 

1.5x10-8 

2 

3 

PC-3 

13 

1.6x10-5 

41 

4.0x10-'^ 

3 

3 

PC-2 

13 

7.8x10-5 

48 

1.6x10-7 

4 

3 

PC-1 

13 

1.2x10-5 

44 

2.8x10-7 

5 

4 

PC-1 

13 

1.2x10-5 

108 

1.2x10-7 

6 

4 

PC-2 

12 

7.8x10-5 

36 

2.2x10-7 

7 

4 

PC-3 

13 

1.6x10-5 

153 

1.1x10-7 

Table  29  summarizes  the  estimated  NERs.  or  sensitivity  levels,  for  the  seven  data  intervals  for 
the  tracker  camera  under  the  assumption  of  the  reference  spectrum.  The  last  column  expresses  the 
sensitivity  level  in  photoevents/s.  As  0[^sed  to  the  plume  camera,  in  the  tracker  camera  the  signal- 
independent  noise  is  not  negligible,  and  the  improvement  in  sensitivity  is  not  linear  with  the  number 
of  images  superposed. 


Table  29  -  Tracker  Camera  NER  Per  Pixel  for  Data  Intervals 


Data 

Interval 

Stage 

NER  for 
Single  Image 
(W/sr-emT)* 

No.  of  Images 
Si^eqtosed 

UVPI 

Gt'jiStep 

NER  for 
Data  Interval 
(W/sr-  cmT)* 

Minimum  Detectable 
No.  of  Phoioevents/s 
for  Superposed  Images* 

1 

3 

8.5x10-9 

40 

9 

5.2x10-10 

31.3 

2 

3 

7.2x10-9 

11 

8 

1.4x10-9 

81.8 

3 

3 

7.2x10-9 

12 

8 

1.3x10-9 

77.5 

4 

3 

7.2x10-9 

10 

8 

1.4x10-9 

86.7 

5 

4 

8.7x10-9 

26 

7 

1.3x10-9 

78.7 

6 

4 

8.7x10-9 

8 

7 

2.5x10-9 

150 

7 

4 

8.7x10-9 

38 

7 

1.1x10-9 

64.3 

*Nol  ledleak  conected 


5.0  SPATIAL  FEATURES 

This  section  concentrates  on  the  spatial  characterization  of  the  measured  plumes.  First, 
definitions  for  the  plume  central  re^on  and  outer  region  are  presented.  Second,  the  idume's  spatial 
extent  is  discussed  with  consideration  for  the  UVPI's  point  spread  function  (PSI0>  Finally,  the 
observed  plume  is  compared  to  the  CHARM  1.3  model  pr^ictions. 

S.l  Delineation  of  Plume  Central  and  Outer  Regions 

Because  of  the  generally  low  signal  statistics  in  a  single  image,  the  plume  central  or  outer 
region  catuiot  be  accurately  delineated  from  a  single  image.  Hence,  an  average  of  superposed  images 
(a  composite  image)  is  used  to  define  the  plume  central  region  extent  for  each  of  the  seven  intervals. 

Definition  of  the  central  region  was  begun  by  ctelecting  all  pixels  in  the  comi^site  image  for 
which  the  radiance  was  at  least  25%  of  the  brightest  pixel  radiance.  The  resulting  region  was 
expanded  further  by  performing  a  dilation  with  a  square  window  of  5  by  5  pixels.  Using  this 
criterion,  the  region  defining  the  plume  central  region  is  depicted  in  Figs.  57  and  58.  The  ima^s  on 
the  left  are  the  composite  images,  and  in  the  images  on  the  right,  the  corresponding  central  region  is 
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overlaid  as  a  completely  white  region.  Figure  57  shows  the  four  intervals  for  the  Starbird  third-stage 
bum;  Fig.  58  shows  the  three  intervals  for  the  Starbird  fourth  stage  bum. 

Table  30  summarizes  the  central  region  extent  in  pixels  for  each  of  the  seven  data  intervals 
considered. 


Table  30  -  Central  Region  Extent  in  Plume  Camera 


Interval 

Stage 

Filter 

Central  Region 
Extent  (pixels) 

Central  Region 
Extent  (m^) 

1 

3 

PC-4 

203 

9232 

2 

3 

PC-3 

196 

8004 

3 

3 

PC-2 

150 

5875 

'  4 

3 

PC-1 

245 

8973 

5 

4 

PC-1 

205 

6523 

6 

4 

PC-2 

173 

5263 

7 

4 

PC-3 

228 

6796 

For  the  tracker  camera,  the  central  region  was  defined  as  all  those  pixels  that  overlap  the 
plume-camera  field  of  view.  Hence,  in  this  report,  the  central  region  for  the  tracker  camera  is  not 
defined  over  the  same  area  as  for  the  plume  camera. 

From  the  point  of  view  of  phenomenology,  an  argument  can  be  made  that  the  central  region 
definition  above  does  not  fully  contain  the  plume  cote.  To  validate  the  definition  of  the  plume 
central  region,  additional  consecutive  dilation  operations  were  performed  to  force  the  defined  central 
region  to  become  larger.  As  an  example.  Fig.  59  shows  the  number  of  j^otoevents  per  image  in  the 
central  and  outer  regions  as  a  function  of  central  region  size  for  the  Starbird  third  stage  for  data 
interval  1.  A  vertical  dashed  line  illustrates  the  central  region  size  used  in  this  report  This  plot  can  be 
used  to  scale  the  results  presented  in  the  report  if  a  different  central  region  size  is  desired. 

Although  these  figures  show  that  the  outer  region  contributes  somewhat  to  the  total  signal 
measured  during  each  interval,  the  composite  images  clearly  show  that  the  oute^*  region  signal  is  rx)t 
localized  to  the  area  behind  the  rocket.  For  this  reason,  it  is  concluded  that  the  outer  region 
component  of  the  total  signal  is  not  attributable  to  plume-induced  far-field  emissions  arxl  that  central 
region  results  most  accurately  represent  the  true  plume  radiance. 

52  Plume  Extent  and  Point  Spread  Function 

The  effective  UVPI  point  spread  function  (PSF)  is  defined  as  the  response  of  the  instrument 
to  a  point  source.  e.g..  a  star  or  a  ground-based  beacon.  An  understanding  of  the  UVPI  plume 
camera's  PSF  is  critical  in  establishing  the  maximum  size  of  the  observed  Sta^ird  third-  and  fourth- 
stage  plumes.  Table  31  summarizes  the  estimated  plume  central  region  axial  length,  as  defined  from 
pe^  to  either  50%  or  10%  of  peak  brightness,  for  each  data  interval.  These  plume  length  estimates 
do  not  incorporate  corrections  for  the  aspect  angle  or  for  the  plume  camera’s  KF. 


I 

I 

I 

I 

I 

I 

a 

I 

I 

I 

I 

I 

I 

a 

a 

a 

a 

a 

a 


94 


H.W.  Smothers  et  al. 


Fig.  59  -  Photoevenu  u  •  function  of  defined  central  region  size,  Siarbird  third  stage,  interval  1 


Table  31  •  Observed  Axial  Length  of  Plume  Central  Region 


Interval 

Stage 

Filter 

Peak  to  50% 
Maximum  (m) 

Peak  to  10% 
Maximum  (m) 

1 

3 

PC-4 

54 

108 

2 

3 

PC-3 

22 

116 

3 

3 

PC-2 

14 

78 

4 

3 

PC-1 

7 

96 

5 

4 

PC-1 

32 

83 

6 

4 

PC-2 

13 

50 

7 

4 

PC-3 

31 

89 

Based  on  review  of  UVPI  data  from  many  observations,  one  may  conclude  that  the  plume 
camera’s  PSF  depends  on  the  observation  modality,  i.e.,  downward  looking  vs  sideward  looking. 
Sideward-lool'Jng  observations  use  the  door-mounted  mirror  but  downward-looking  do  not.  The 
observation  of  the  Starbird  third-  and  fourth-  stage  plumes  did  not  use  the  door-mount^  mirror.  The 
existing  data  for  point  sources  indicate  that  the  FSF  is  less  circularly  symmetric  when  using  the  door- 
mount^  mirror.  This  could  be  the  result  of  jitter  in  the  door  minor. 

Figure  61  shows  a  plume-camera  image  of  a  ground-based  beacon.  Reference  1  gives  a 
scaled  version  of  the  plume  camera’s  PSF  for  the  beacoa  Figure  60  shows  a  three-dimensional  plot 
of  the  PSF  that  results  from  observation  of  the  ground-based  beacon.  For  the  ground-based  beacon, 
the  axial  length  of  the  PSF  from  peak  to  50%  of  the  peak  along  the  major  axis  is  about  4  pixels,  or 
20  meters  at  a  range  of  450  km,  as  shown  in  IHg.  61.  The  full-width-half-maximum  length  is  about 
40  m. 


Hgures  62  through  68  show  profiles  of  the  radiance  along  the  major  axis  of  the  plume,  as 
measured  by  the  plume  camera,  for  each  of  the  data  intervals.  The  horizontal  line  in  each  figure 
corresponds  to  the  NER  sensitivity  limit  after  image  superposition.  It  is  evident  from  these  figures 
that,  after  image  supeiposidon,  a  good  SNR  was  achieved  for  intervals  1,  3,  5.  and  7.  The  SNR  for 
intervals  2, 4,  and  6  was  maigiriaL 
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Figure  69  shows  a  tracker-camera  image  of  a  ground-based  beacon.  Reference  1  gives  a 
scaled  version  of  the  tracker  camera’s  PSF  for  the  beacon.  Figure  69  shows  a  three-dimensional  plot 
of  the  PSF  that  results  from  observation  of  the  ground-based  beacon;  Fig.  70  is  an  axial  profile  of  the 
beacon  as  seen  by  the  tracker  camera. 


Coiunr  Index 


Fig.  61  -  Axial  ptoHle  thnugh  plume-camera  PSF  for  ground-baaed  beacon 
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Fig.  62  •  Axial  profile  along  plume  central  region  for  data  interval  1,  plume  camera 
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Fig.  63  -  Axial  profile  along  plume  central  region  for  data  interval  2,  plume  camera 
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Fig.  66  -  Axial  profile  along  plume  central  region  for  data  interval  5,  plume  camera 
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Fig.  67  -  Axial  profile  along  plume  central  region  for  duia  inteival  6,  plume  camera 
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Fig.  70  -  Axitl  profile  through  tncicer  camera  PSF  for  ground-baaed  beacon 


5.3  Comparison  of  Results  to  CHARM  U  Predictions 

This  subsection  compares  the  UVPI  measurements  to  the  predictions  provided  by  a 
theoredcal  plume  model.  Grumman  Corp.  generated  a  number  of  CHARM  1.3  runs  in  which  both 
the  Starbird  third  and  fourth  stages  were  modeled  [18],  using  each  of  the  UVPI’s  plume-camera  filter 
bandpasses.  The  following  parameters  were  common  to  all  the  runs: 

Mcdel:  CHARM  1.3 

Object  modeled:  Intrinsic  core 

As^  for  seven  data  intervals:  45.6,  46.8, 47.7,  50.9,  54.4,  83,7,  91.7 

Horizontal  resolution:  5.0  m 

Vertical  resolution;  5.0  m 

In  all  of  Grumman's  nuts,  a  5  by  5  m  pixel  resolution  was  used.  To  get  a  comparison  between 
the  CHARM  1.3  predictions  ard  the  UVPI  measurement,  the  CHARM  1.3  predictions  were  convolved 
with  an  estimate  of  the  UVPI’s  PSF.  A  normalized  version  of  the  ground  beacon  image.  Frame 
12778,  Orbit  1 173,  was  used  as  the  best  UVPI  plume*camera  PSF  estimate. 

Rgures  71  and  72  are  examples  of  the  CHARM  1.3  prediction  convolved  with  the  UVPI  PSF. 
The  left  image  in  Fig.  71  shows  a  false-color  CHARM  1.3  image  prediction  with  5-m  resolution  for 
an  Orbus  motor,  assuming  it  is  being  observed  with  PC-d.  The  rigltt  image  shows  the  same  CHARM 

1.3  prediction,  except  that  it  is  convolved  with  the  UVPI  PSF.  Rgure  72  is  the  corresponding  contour 
Dbt  for  the  image  prediction,  again  assuming  UVPI  PC-4  and  convolution  with  UVPI  PSF.  The 
CHARM  1.3  tdume  predictions  wA  contour  plots  for  the  other  UVPI  filter  positions  are  qualitatively 
similar  to  those  shown  in  Rgs.  71  and  72. 

Fbr  each  of  the  seven  dau  intervals.  Figs,  73-79  show:  (a)  the  CHARM  1.3  hi^-resolution 
prediction  of  the  plume  radiance  as  a  function  of  axial  distance,  (b)  Ae  CHARM  1.3  prediction 
convolved  with  the  UVPI  plume-camera  PSF,  and  (c)  a  horizontal  line  depicting  the  interval  noise 
equivalent  radiance  (NER)  of  the  plume  camera. 

The  peak  radiances  and  the  plume  lengths  fbr  the  CHARM  1.3  image  predictitms  are  listed  in 
Tables  32  arid  33.  These  taldes  list  computed  results  for  both  the  Starbird  third  and  fourth  stflgi»f  and 
fbr  UVPI  filters  used  for  the  tfoservation  of  these  stages. 
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Flune  Prediction  Using  PC-4 

CHflBNl.3  Prediction  CHflPH  1.3  Prediction 

Using  5  ileter  Resolution  Using  UUPI's  FSF 


iiax=22  uU/sr-cfi2 

i  =fl.095«wax  I  =0.50»fiax  I  =€.95*fiax 


NRLyUCT  B/15/92 


Rg.  71  -  CHARM  1 J  image  prediction  before  and  after  mearing  for  PC-4 


Rg.  72  -  CHARM  U  oontour  plot  prediction  for  PC-4  after  smearing 
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Axial  Distance  (m)  Axial  Distance  (m) 

Fig.  73  -  CHARM  1 J  predicted  axiil  profile  before  end  efter  Fig.  74  -  CHARM  1 J  predicted  axial  profile  before  and  after 
xmearing,  interval  1  smearing,  interval  2 
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Fig.  7S  •  CHARM  U  predicted  axial  profile  before  and  after 
smearing,  interval  3 
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Hg.  77  -  CHARM  13  predicted  axial  profile  before  and  after 
smearing,  interval  5 
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Fig.  76  -  CHARM  13  predicted  axial  profile  before  and  after 
smearing,  interval  4 
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;.  78  -  CHARM  13  predicted  axial  profile  before  and  after 
smearing,  interval  6 


Interval 


CHARM  1.3  @  5  m 
Resolution  Peak 
Radiance 

(piW/sr-cm^) 


CHARM  1.3 
Convolved  Peak 
Radiance 
(|iW/sr-cm2) 


UVPI  Measured 
Peak  Radiance 

OiW/sr-cm^) 


PC-4 

2.20  X  10* 

2.24 

9.97  X  10-1 

PC-3 

1.99 

2.01  X  10-* 

5.35  X  10-1 

PC-2 

4.61 

4.89  X  10-* 

3.70  X  10-1 

PC-1 

7.47 

7.52  X  10-1 

5.14  X  10-1 

PC-1 

7.27 

737  X  10-1 

730  X  10-1 

PC-2 

3.99 

4.10  X  10-1 

3.69  X  10-1 

PC-3 

1.75 

1.72  X  10-1 

334  X  10-1 

Table  33  -  Comparison  of  Measured  to  Predicted  Plume  Length 


Plume  Length  (m)  Peak  to  50%  and  Peak  to  10% 


Interval 


CHARM  1.3 


CHARM  1.3 


UVPI  Measured 


@-5-m  Resolution  I  Using  UVPI’s  PSF 


10% 


65 


60 


65 


65 


65 


50% 

10% 

50% 

10 

35 

40 

10 

35 

40 

15 

35 

40 

10 

35 

40 

10 

40 

40 

10 

45 

45 

10 

45 

45 

50% 

10% 

54 

108 

22 

116 

14 

78 

6.8 

96 

32 

83 

13 

50 

31 

89 
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6.0  TEMPORAL  FEATURES 

This  section  presents  calibrated  photoevents  per  image  and  radiant  intensity  values  for  each  of 
the  seven  data  intervals  selected.  The  calibration  procedure  used  is  described  in  Section  3.  The 
conversion  to  radiant  intensity  is  performed  by  using  a  reference  emission  spectrum  for  incandescent 
alumina  particles  that  is  typical  of  the  emission  spectrum  produced  by  solid-fuel  rocket  motors 
containing  ammonium  perchlorate/aluminur  .  The  latter  is  similar  to  the  model  used  in  the  CHARM 
1.3  code.  The  bandpasses  of  each  of  the  plume  camera  filters  are  also  shown  in  Section  1.2.  Section 
6. 1  presents  the  plume-camera  observations  and  6.2  presents  the  tracker-camera  observations. 

6.1  Plume  Camera  Intensity  Plots 

This  section  presents  the  number  of  photoevents  observed  in  the  plume  camera,  both  central 
region  and  total,  for  each  image  of  the  seven  analyzed  data  intervals.  Table  34  lists  the  figures 
contained  in  this  section. 


Table  34  -  Radiant  Intensity  Figures 


1  Interval  |  Stage  |  Total 

1  Central  Region  I 

1 

3 

80 

81 

2 

3 

82 

83 

3 

3 

84 

85 

4 

3 

86 

87 

5 

4 

88 

89 

6 

4 

90 

91 

7 

4 

92 

93 

The  separation  of  plume  central  region  from  total  FOV  is  described  in  Section  5.1.  During 
the  telemetry  frame  ranges  depicted  in  each  plot,  the  plume-to-tracker  image  ratio  was  8:2. 
Consequently,  the  plots  show  related  groups  consisting  of  eight  consecutive  plume-camera  images 
followed  by  a  gap  where  the  two  tracker-camera  images  occurred. 

In  addition  to  the  intensities,  the  figures  include  the  estimated  local  mean,  which  is  a  running 
average  of  the  intensity,  and  a  threshold  of  3.1  standard  deviations  above  the  local  mean,  which  flags 
intensity  values  that  are  highly  unlikely  (probability  less  than  .001),  based  on  local  statistics.  The 
local  statistics  are  computed  by  using  a  running  window  of  IS  frames  for  plume-camera  data.  Section 
4.6  contains  a  more  complete  discussion  of  the  computations  of  local  statistics. 

Figures  80-93  convey  information  useful  for  indexing  those  frames  or  times  at  which  a 
significant  statistical  deviation  in  the  intensity  is  observed,  based  on  the  local  statistics,  and  for 
showing  the  intensity  variation  over  both  the  plume  central  region  and  the  total  plume. 

Figures  84,  92,  and  93  show  instances  in  which  the  measured  number  of  photoevents  exceeds 
the  local  mean  by  more  than  3.1  standard  deviations.  The  probability  of  such  an  event  is  less  than 
0.001.  Tlierefore,  all  instances  in  which  the  measured  number  of  photoevents  exceeded  the  threshold 
were  investigated  in  great  detail.  No  significant  difference  was  observed  in  the  composite  images  after 
disregarding  the  images  where  the  measured  number  of  photoevents  exceeded  the  threshold. 

Table  35  summarizes  the  average  radiant  intensities  (ARI)  for  the  plume  camera  observations 
over  the  seven  data  intervals.  The  average  radiant  intensity  reported  for  each  of  the  data  intervals  is 
based  on  the  reference  spectral  energy  distribution  assumption.  It  represents  the  average  of  all  images 
in  the  interval.  Table  35  includes  reference  spectrum  prediction;  of  ARI  for  the  sake  of  completeness. 
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When  operating  in  the  zoom  image  transmission  rate,  each  telemetry  frame  contains  one 

image. 


Table  35  -  Summary  of  Plume  Camera  Average  Radiant  Intensities 


Measured  ARI* 

Measure 

dASRI** 

Reference  Model 

Interval 

Filter 

Band 

(nm) 

Central 

Region 

ARI(W/sr) 

Total  ARI 
(W/sr) 

Centroid 

wavelength 

(nm) 

Total  ASRI 
(W/sr- Jim) 

Predicted 

ARI  (W/sr) 

1 

PC-4 

235-350 

28.7 

35.3 

305 

334 

44.2 

2 

PC-3 

195-295 

7.7 

9.5 

265 

90.6 

3.8 

3 

PC-2 

300-320 

4.5 

9.5 

310 

465 

9.6 

4 

PC-1 

220-320 

10.5 

12.2 

280 

81.3 

15.0 

5 

PC-1 

220-320 

12.0 

15.6 

280 

104 

15.0 

6 

PC-2 

300-320 

3.1 

310 

296 

9.4 

7 

PC-3 

195-295 

5.4 

8.6 

265 

81.9 

3.8 

*  Average  Radiant  Intensity 
**  Average  Spectral  Radiant  Intensity 


400 


3S0U 


— “  Lx>cal  Mean 
— — “  Local  Threshold 


FWP-4 


13S42  13594  13645  13698  13750 

Telemetry  Frame  Number 


13542  13594  13646  13698  13750 

Telemetry  Frame  Number 


Fig.  80  -  Third  stage,  plume  camera,  total  intensity  for 
interval  1 


Telemetry  Frame  Number 


Fig.  81  •  Third  stage,  plume  camera,  central  region  intensity 
for  interval  1 


Fig.  82  -  Third  stage,  plume  camera,  total  intensity  for 
interval  2 


Fig.  83  -  Third  sUige,  plume  camera,  central  region  intensity 
for  interval  2 
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Telemetry  Frame  Number 

Fig.  84  -  Third  stage,  plume  camera,  total  intensity  for 
interval  3 


Telemetry  Frame  Number 

Hg.  86  •  Third  stage,  plume  camera,  total  intensity  for 
interval  4 
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Fig.  88  -  Fourth  stage,  plume  camera,  total  intensity  for 
interval  S 


Fig.  8S  -  Third  stage,  plume  camera,  central  region  intensity 
for  interval  3 


Fig.  87  -  Third  stage,  plume  camera,  central  region  intensity 
for  interval  4 


Telemetry  Frame  Number 


Hg.  89  -  Fourth  stage,  plume  camera,  central  region 
intensity  for  interval  S 
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Fig.  90  -  Fourth  stage,  plume  camera,  total  intensity  for 
interval  6 


Fig. 
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91  -  Fourth  stage,  plume  camera,  central  region 
intensity  for  interval  6 
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Fig.  92  •  Fourth  stage,  plume  camera,  total  intensity  for 
interval  7 
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Fig.  93  -  Fourth  stage,  plume  camera,  central  region 
intensity  for  interval  7 


6.2  Tracker  Camera  Intensity  Plots 

Figures  94- 100  present  total  photoevents  per  image  for  the  seven  data  intervals  analyzed 
throughout  this  report,  llie  figures  in  this  section  are  based  on  a  19  by  19  pixel  section  of  the  tracker 
camera,  which  corresponds  t^iproximately  to  the  total  field  of  view  of  the  plume  camera.  This  field  of 
view  contains  plume  central  region  and  a  portion  of  the  outer  region.  To  provide  an  estimate  of  the 
average  radiant  intensity,  values  based  on  reference  spectral  energy  distribution  assumptions  are 
reported  in  Table  36  for  the  tracker-camera  observations.  These  results  have  been  reduced  by  16.3% 
to  account  for  redleakage  in  the  tracker-camera  filter. 

Figures  94-100  are  primanly  intended  to  show  image-to-image  variations  in  the  number  of 
photoevents  per  image  after  redleak  correction. 

For  the  telemetry  frame  ranges  depicted  in  each  plot,  the  plume-to-tracker  image  ratio  was 
8:2.  Consequently,  the  plots  shoW  repeated  groups  consisting  of  two  consecutive  tracker-camera 
images  followed  by  a  gap  where  the  eight  plume-camera  images  occurred. 

In  addiUon  to  the  intensities,  the  figures  include  the  estimated  local  mean,  which  is  a  running 
average  of  the  intensity,  and  a  threshold  of  3.1  standard  deviations  above  the  local  mean,  which  flags 
intensity  values  that  are  highly  unlikely  (probability  less  than  .001),  based  on  the  local  statistics.  The 
local  statistics  are  computed  by  using  a  running  window  of  IS  frames  for  tracker-camera  data.  A 
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more  complete  discussion  of  the  computations  of  local  statistics  is  contained  in  Section  4.6.  The 
greater  than  3.1  standard  deviation  events  appear  uncorrelated  between  the  plume  and  tracker 
cameras  suggesting  that,  if  they  represent  real  events,  they  last  less  than  V3oth  of  a  second. 


Table  36  -  Summary  of  Tracker-Camera  Average  Radiant  Intensities 


*  Average  Radiant  Intensity 
**  Average  Spectral  Radiant  Intensity 


Telemetry  Frame  Number 

Fig.  94  -  Third  auge.  tracker  canera  total  intensity  for  •^““er  camera  total  intensity  for 

1  1  interval  2 


Telemetry  Frame  Number 


Telemetry  Frame  Number 


Fig.  96  •  Third  stage,  tracker  camera  total  intensity  for 
interval  3 


Fig.  97  -  Third  stage,  tracker  camera  total  intensity  for 
interval  4 
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Telemetry  Frame  Number 


rig.  98  -  Fouith  stage,  tracker  camera  total  intensity  for 
interval  5 


Telemetry  Frame  Number 


Hg.  100  •  Fourth  stage,  tracker  camera  total  intensity  for  interval  7 

7.0  SPECTRAL  ANALYSIS  OF  PLUMES 

This  section  presents  the  spectral  analysis  of  the  emission  from  the  Staihird  third*  and  fourth- 
stage  plumes'  central  region  and  from  the  outer  region.  As  discussed  in  Section  2,  the  UVPI  plume 
and  tracker  cameras  observed  the  Starbird  third  and  fourth  stages  at  a  range  of  approximately  530 
km  by  using  a  sequence  of  bandpasses.  The  figures  and  tables  in  this  section  show  the  computed 
spectral  radiant  intensity  in  W/sr-pm  of  the  plume  central  region,  and  the  spectral  radiant  intensity 
measured  over  the  entire  plume  camera  field  of  view.  The  results  from  the  UVPI  observations  of  the 
central  region  show  that  the  ratio  of  the  spectral  radiant  intensity  at  the  longer  wavelengths,  relative  to 
the  spect^  radiant  intensity  at  the  shorter  wavelengths,  is  smaller  than  predicted  by  the  reference 
spectrum.  The  results  for  the  entire  plume  camera  field  of  view  shows  a  similar  relative  deficit  at  the 
longer  wavelengths. 

7.1  Observed  Spectral  Radiant  Intensities 

The  conversion  of  the  plume-  and  tracker-camera  data  to  radiometric  values  requires  the 
assumption  of  a  source  spectrum,  as  described  in  Section  3.5.  The  reference  spectral  shape  was  used 
in  the  analysis  of  the  camera  data  presented  in  this  section.  The  wavelength  for  which  the  spectral 
radiant  intensity  is  reported  for  each  filter  bandpass  is  the  centroid  wavelength  when  the  assumed 
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source  spectrum  is  convolved  with  the  UVPI  net  quantum  efficiency  hmction,  as  described  in  Section 
3.6. 


In  selecting  the  reference  spectrum  scaling  factor,  an  effort  was  made  to  find  a  good  fit  for  all 
bands.  This  method  is  less  sensitive  to  single  band  signals  but  instead  compares  overall  spectral 
shapes. 


The  plume  camera  observations  of  the  third  and  fourth  stage  were  made  between  IIS  and 
170  seconds  after  liftoff.  The  range  from  UVPI  to  the  rocket  was  between  483  and  596  km  over  this 
time  period.  The  spectral  radiant  intensities  of  the  plume  central  region,  as  measured  by  UVPI  in  the 
four  plume  camera  bands,  arc  plotted  in  Fig.  101.  In  addition.  Fig.  101  shows  the  ref'^rcnce  spectral 
shape,  scaled  arbitrarily  to  pass  through  the  data  points,  and  for  comparison  shows  a  blackbody 
spectrum  chosen  to  coincide  with  the  reference  spectral  shape  at  short  wavelengths.  The  data  and 
scaled  reference-based  values  are  also  listed  in  Table  37.  Note  that  the  average  radiant  intensities  of 
the  plume  changed  with  time  during  the  seven  intervals.  Consequently,  the  relative  spectral  intensities 
must  be  compared  witli  caution. 


Figure  102  shows  that  the  reference  spectral  shape  is  in  good  agreement  with  the  27S  to  390- 
nm  trend.  It  also  shows  that  the  reference  model  predicts  a  more  rapid  decrease  with  decreasing 
wavelength  below  275  nm  than  the  data  show.  These  results  are  similar  to  those  found  for  the  plume 
central  region  analysis. 
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Fig.  101  -  Measured  spectral  radiant  intensity  for  the  SUioird  plume  central  region 


Table  37  -  Measured  and  Scaled  Spectral  Radiant  Intensity  in  Units  of  W/sr-pm 


Wavelength 

(nm) 

Stage 

1  Filter 

1  Observed  Central 

1  Region 

1  Plume  Camera 

1  Field  of  View 

1  Central  Region;  Sca'ed 

1  Reference  Comparison 

265 

"'"3 

PC-3  " 

7.33  X  ™'" 

9.06  xlol 

1.58”x  10* 

280 

3 

PC-1 

6.99  X  10‘ 

8.13  X  10> 

4.24  X  10' 

305 

3 

PC-4 

2.72  X  102 

3.34  X  102 

1.65  X  102 

310 

3 

PC-2 

2.21  X  102 

4.65  X  102 

2,02  X  102 

265 

4 

PC-3 

5.19  X  lOl 

8.19  X  lOl 

1..58  X  lOl 

280 

4 

PC-1 

7.99  s  lOl 

1.04  X  102 

4.24  X  lOl 

310 

4 

PC-2 

1.51  X  102 

2.96  X  102 

2.02  X  102 

Figure  101  shows  that  the  ratio  of  the  spectral  radiant  intensity  measured  by  UVPI  for  the 
third-  and  fourth-stage  central  regions  at  the  shorter  wavelengths,  relative  to  that  at ‘the  longer 
wavelengths,  is  larger  than  predicted  by  the  reference  spectral  shape.  The  relative  intensity  increase 
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for  the  265-nm  data  point  is  a  factor  of  almost  five,  well  beyond  the  instrument  uncertainty  discussed 
in  Section  4.6. 

The  spectral  radiant  intensity  for  the  third  and  fourth  stages,  measured  by  UVPI  over  the 
entire  plume  camera  field  of  view,  is  shown  in  Fig.  102.  These  measurements  were  made  by  the 
plume  camera  operating  in  the  four  plume-camera  bands  and  by  the  tracker  camera.  Note  that  the 
tracker-camera  pixels  analyzed  in  this  section  correspond  to  the  full  field  of  view  of  the  plume 
camera.  Figure  102  also  shows  a  scaled  reference  spectral  shape  and  blackbody  spectrum.  The  data 
are  also  listed  in  Table  37. 


250  275  300  325  350  375  400 


Wavelength  (nm) 

Fig.  102  •  Measured  spectral  radiant  intensity  for  the  Starbird  plume  camera  field  of  view 

It  should  be  noted  that  the  Starbird  total  and  central  region  spectral  data  are  almost  identical, 
both  showing  the  short  wavelength  excess.  In  contrast,  the  Strypi  Antares  stage  total  field  of  view 
results,  shown  in  Fig.  103,  show  a  short  wavelength  excess,  but  the  ccnttal  region  results  shown  in  Fig. 
104  showed  a  much  reduced  excess.  The  UV  luminous  outer  region  seen  in  Strypi  appeared  to  ^ 
associated  with  the  far-UV  excess,  whereas  in  the  Starbird  data  the  plume  central  region  displays  the 
same  marked  excess  as  the  total.  Thus,  the  grcatci.t  contrast  between  the  Starbird  and  Strypi  plume 
data  is  the  apparent  difference  in  PC-3,  or  far-UV  data,  for  which  the  Starbird  plumes'  central  regions 
showed  a  stronger  relative  signal. 


250  300  350  400  250  300  350  400 

Wavelength  (nm)  Wavelength  (nm) 


Fig.  103  -  Meuured  speccral  ridiant  intensity  for  the  plume  Fig.  104  -  Measured  spectral  radiant  intensity  for  the  Antares 
camera  field  of  view  for  Antares  central  region 

7.2  Discussion 

The  reference  model  hypothesizes  that  the  principal  source  of  UV  radiation  is  thermal 
emission  from  alumina  particles  at  the  fusion  temperature  of  alumina,  2320  K.  The  spectral  shape 
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departs  from  that  of  a  blackbody  because  of  the  decreasing  effective  emissivity  of  the  particles  with 
increasing  wavelength.  No  obvious  modification  to  this  model  will  yield  the  far-UV  excess  evident  in 
the  UVPI  data.  A  plausible  hypothesis  is  that  an  additional  emission  mechanism  is  producing  the 
excess  UV  emission.  Spectral  line  emission  by  exhaust  gases  and  by  the  mesospheric  atmosphere 
disturbed  by  the  rocket,  e.g.,  CO  cameron  and  NOy  bands,  are  possible  souices.  The  possibility  of  a 
far-UV  excess  due  to  luminous  gases  was  discussed  briefly  in  the  Starbird  preflight  document  [7). 

8.0  SUMMARY  AND  CONCLUSIONS 

8.1  Summary 

The  goal  of  the  Starbird  mission  was  the  acquisition  from  space  of  radiometric  UV  plume 
data,  using  the  UVPI  onboard  the  LACE  satellite.  The  UVPI  plume  camera  is  an  imaging  radiometer 
with  four  filters,  centered  at  250,  270,  280,  and  305  nm  (Table  9).  This  instrument  was  designed  to 
obtain  radiometric  data  in  a  spectral  region  that  is  especially  favorable  for  missile  detection  because 
of  the  very  low  solar  background.  Operation  from  space  is  necessary  because  the  atmosphere  is 
practically  opaque  to  wavelengths  below  300  nm.  From  500-km  range,  the  plume  camera  has  a 
resolution  of  approximately  45  m. 

The  Starbird,  a  four-stage  soIid-propellant  mi.ssile  system,  was  obtained  for  this  observation. 
The  first  stage  (a  Talos  motor)  and  the  second  stage  (a  Sergeant  motor)  operated  at  too  low  an 
altitude  to  be  observed  from  space.  The  mission  was  designed  for  observing  the  third-  and  fourth- 
stage  plumes,  both  of  which  were  produced  by  identical  Orbus  rocket  motors.  The  rocket  trajectory 
was  selected  to  permit  simultaneous  observation  from  the  LACE  satellite  and  from  the  Air  Force 
Malabar  (Florida)  tracking  site. 

The  Starbird  was  launched  from  the  Kennedy  Space  Center  before  sunrise  on  17  December 
1990.  The  third  and  fourth  stages  were  successfully  tracked  by  the  UVPI  camera  from  a  range  of  596 
to  483  km.  The  third-stage  plume  was  tracked  for  about  20  seconds,  and  plume  data  were  acquired 
with  all  four  plume  camera  filters.  The  weaker  plume  from  the  fourth  stage  was  also  tracked.  Its 
weaker  plume  signal  is  attributed  to  its  less-than-nominal  thrust  level  for  the  fourth-stage  Orbus 
motor.  Plume  data  were  obtained  with  three  of  the  four  plume-camera  filters.  The  observation 
intervals  are  summarised  in  Tables  16  and  17. 

The  290  images  of  the  third-stage  plume  and  297  images  of  the  fourth-stage  plume  from  the 
plume  camera  were  of  sufficient  quality  and  tracking  accuracy  to  permit  the  superposition  of  images 
for  increased  radiometric  accuracy. 

The  superposed  images  were  analyzed  to  obtain  the  spectral  radiance,  evaluating  the  plume  as 
a  spatially  resolved  source,  and  the  spectral  radiant  intensity,  .summing  over  space  to  treat  the  plume 
as  a  point  source.  The  radiometric  analysis  requires  a  model  spectral  shape,  for  which  a  reference 
model  is  taken.  The  analysis  procedure  is  described  in  Section  3.  The  spectral  values  were  also 
integrated  over  the  nominal  filter  bandwidths  to  obtain  radiance  and  radiant  intensity  values. 

The  odd  numbered  Figs.  33  through  45  are  false-color  maps  of  the  spatial  distributions  of  the 
time-averaged  radiant  intensities  of  the  third- stage  and  fourth-stage  plumes.  Contour  plots  of  the 
plume  radiance  were  also  generated  from  the  superposed  images  and  are  presented  in  the  even- 
numbered  Figs.  34  through  46. 

Figure  31  shows  the  image  and  Fig.  32  the  contour  plot  of  the  NRL  ground-based  UV 
beacon,  which  well  represents  a  point  source  under  these  conditions.  This  image  indicates  the 
resolution  limit  of  the  instrument  at  450-km  range.  The  lengths  of  the  rocket  plumes  observed  during 
this  mission  are  less  than,  or  comparable  to,  the  45-m  resolution  limit  (Table  33).  The  consequent 
smearing  of  the  source  over  an  increased  effective  area  significantly  reduces  tlw  observed  peak 
radiance  of  the  plumes.  The  observed  radiances  are  thereby  denoted  "apparent"  values  to  distin^ish 
between  the  observed  radiance  values  and  those  that  would  be  obtained  from  an  instrument  with 
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higher  spatial  resolution.  An  adjustment  of  the  CHARM  predicted  peak  radiances  for  this  effect 
yields  approximately  factor-of-two  agreement  between  prediction  and  observation  (Table  32). 

Radiant  intensity  values,  obtained  by  summing  over  the  plume  central  region  and  over  the 
plume  camera  field  of  view,  are  not  affected  by  this  resolution  effect.  For  these  computations,  the 
plume  central  region  was  defined  as  the  region  in  which  the  radiance  exceeded  25%  of  the  peak 
apparent  value,  with  the  addition  of  the  area  defined  by  a  5  by  5  pixel  dilation  of  this  region.  The 
projected  area  of  the  central  region  so  defined  was  approximately  5(XX)  to  90(X)  m^  (Table  30).  The 
remainder  of  the  plume-camera  images  is  denoted  the  outer  region. 

The  outer  region  data  from  the  Starbird  showed  weak  radiances  and  suffered  from  poor 
signal-to-noise  ratio.  Unlike  the  Strypi  test  at  higher  altitude,  no  identifiable  shock  or  mixing  layer 
structure  could  be  found  in  the  Starbird  outer  region  data  and,  thus,  the  outer  region  radiance  cannot 
be  causally  connected  to  the  Starbird  third  or  fourth  stage.  The  central  region  and  total  radiant 
intensities  measured  by  the  plume  camera  are  summarized  in  Table  35.  The  temporal  beiiwvior  of  the 
plume  central  region  and  total  spectral  radiant  intensities  measured  by  the  plume  camera  are  shown  in 
Figs.  26  and  27. 

The  UVPI  tracker  camera  provides  wideband  (255  to  450  nm)  data,  which  may  complement 
the  plume  camera  data.  The  wide  field  of  view  of  the  tracker  camera  clearly  prevents  resolution  of  the 
plume,  but  radiant  intensity  values  can  be  obtained.  A  19  by  19  pixel  region  of  the  tracker  camera 
images,  matching  the  total  field  of  view  of  the  plume  camera,  was  taken  for  computing  radiant 
intensities.  The  values  so  obtained  are  summarized  in  Table  36,  and  the  spectral  radiant  intensity  time 
dependence  is  shown  in  Fie.  28. 

The  spectral  radiant  intensities  deduced  from  the  UVPI  observations  can  be  compared  to  the 
reference  model  of  plume  emission.  The  plume  central  region  spectral  radiant  intensities  show  a 
reference  spectrum-like  dependence  over  the  250  to  300-nm  range.  The  data  suggest  that  the  250  to 
270-nm  values  are  higher,  relative  to  the  280  to  300-nm  values,  than  the  reference  spectrum  predicts 
(Fig.  101).  However,  the  greatest  contract  between  the  Starbird  and  Strypi  (2)  plume  data  is  the 
apparent  difference  in  the  rc-3  filter  bandpass  for  which  the  Starbird  plumes’  ccnti^  regions  showed 
a  stronger  relative  si^al.  The  spectral  radiant  intensities  summed  over  the  plunrie  camera  field  of  view 
show  a  similar  ultraviolet  excess.  The  full  field  values  from  the  plume  camera  can  be  complemented 
by  the  tracker  camera  data  over  the  same  area  (Fig.  102).  The  390-nm  value  so  obtained  adds 
suppon  to  the  tentative  conclusion  that  the  decrease  in  plume  spectral  radiant  intensity,  as  the 
wavelength  decreases  below  3Q0  nm,  is  less  than  expected  on  the  basis  of  the  reference  model.  This  is 
similar  to  trends  in  data  seen  in  the  Strypi  plume  data  [2]. 

The  Starbird  vehicle  carried  two  identical  solid-fuel  motors  of  the  Orbus  type  to  power  its 
third  and  fourth  stages.  The  performance  of  the  two  motors  in  terms  of  thrust  was  slightly  different. 
The  third  stage  performed  nominally  but  the  fourth  stage  was  less  than  nominal,  causing  the  rocket  to 
reach  only  90-km  altitude  rather  than  the  planned  105  km.  This  difference  in  performance  was 
reflected  in  the  plume  radiances  measured  by  the  UVPI,  which  detected  a  lower  radiance  for  the 
fourth  stage  than  was  seen  in  the  nominal  third  stage.  This  can  be  seen  clearly  in  Figs.  26  -  28.  These 
data  suggest  that  observation  in  the  UV  can  distinguish  rocket  motor  performance  rather  than  design 
type. 

8.2  Achievement  of  Objectives 

The  results  of  the  UVPI  observation  of  the  Starbird  missile  can  be  compared  to  the  objectives 
listed  in  Section  1.3. 

8.2.1  General  Objectives 


Obtain  isoradiance  contours  for  the  third  stage  and  fourth  stage  plumes.  Spatially 
resolved  images  of  the  third  stage  and  fourth  stage  plumes  were  obtained  for  seven  data 
intervals,  corresponding  to  Imaging  with  all  four  plume-camera  filters  for  the  third  stage 
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and  three  of  the  four  filters  for  the  fourth  stage.  These  images  were  scjJed  to  radiance 
maps  and  contours,  as  illustrated  in  Sections  4  and  S. 

•  Obtain  radiant  intensity  measurements  based  on  the  entire  field  of  view  of  the  plume 
camera  and  on  a  subregion  corresponding  approximately  to  a  plume  core.  Radiant 
imensity  measurements  for  the  plume  camera  FOV  and  for  a  plume  central  region 
<icfined  in  Section  5. 1  were  extracted  from  the  images  for  the  seven  data  intervals.  These 
results  are  presented  in  Section  6. 

•  Compare  radiometric  measurements  for  the  third  stage  and  fourth  stage  plumes  with  those 
generated  by  the  CHARM  computer  codes.  The  preliminary  comparison  undertaken  here 
suggests  that  the  UVPI  data  present  a  spectral  shape  somewhat  different  from  that  of  the 
reference  spectrum.  The  experimental  results  indicate  that  the  emission  at  wavelengths 
shorter  than  300  nm  is  greater,  relative  to  the  emission  at  longer  wavelengths,  than  is 
predicted  by  the  reference  model.  These  results  are  described  in  Section  7.  Detailed 
comparison  of  CHARM  predictions  to  UVPI  observations  is  a  task  for  the  modelers. 

•  Provide  radiometric  measurements  for  nonplume,  transient  phenomena,  if  any.  No  clouds 
or  other  notable  transients  were  seen  in  the  Starbird  data. 

8.2.2  Specific  Objectives  Related  to  Spatial  Features 

•  Obtain  the  ''.igth  of  the  third-stage  and  fourth-stage  plume  central  regions.  The 
resolution  limit  of  the  PSF-corrected  UVPI  corresponds,  at  this  range,  to  about  40  meters, 
which  is  comparable  to  the  expected  plume  length.  Thus,  a  close  measurement  of  the 
plume  length  was  not  possible,  but  (as  described  in  Section  5.3)  the  observations  are 
consistent  withi  the  predicted  plume  length. 

•  Determine  the  shape  of  the  shock  boundarylmixing  layer  for  different  rocket  velocities. 
The  very  weak  radiance  of  the  outer  region  and  the  absence  of  any  apparent  shock  or 
mixing  layer  structure  in  the  radiance  suggests  that,  in  contrast  to  the  Sti^i  tests,  no  UV 
luminous  outer  region  formed  as  a  result  of  the  Starbird. 

•  Identify  a^mmetries  in  plume  shape  and  investigate  possible  causes.  No  plume  shape 
asymmetries  were  observed.  The  re.solution  limit  of  the  UVPI  at  this  range  is  such  that 
oidy  large  asymmetries  could  have  been  detected. 

8.2.3  Specific  Objectives  Related  to  Temporal  Features 

•  Identify  temporal  trends  in  radiometrics  and  investigate  possible  dependence  on  rocket 
velocity^  The  time  behavior  of  the  radiant  intensity  of  the  third-  and  fourth-stage  plumes 
is  described  in  Section  6.  No  obvious  correlation  with  rocket  velocity  was  observed. 

•  Investigate  radiometric  fluctuations  to  determine  whether  short-term  variations  in 
brightness  are  observed.  The  statistics  of  the  variations  in  plume  radiant  intensity  are 
described  in  Section  6.  Several  peaks  beyond  the'  range  of  statistical  likelihood  were 
observed.  The  data  were  carefully  analyzed  and  no  reason  was  found  to  reject  them. 

•  Identify  changes  with  time  in  the  shape  of  the  plumek  outer  region.  No  identifiable  outer 
region  was  found. 

•  Identify  persistence  and  cumulative  ^ects,  if  any,  in  flumes  or  nonplume  phenomena.  No 
clouds  or  trails  were  observed  in  the  Starbird  test. 
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8.2.4  Specific  Objectives  Related  to  Spectral  Features 

•  Compare  the  shape  of  the  plume  central  region's  emission  spectrum  with  the  reference 
spectral  shape,  which  is  that  of  submicron  alumina  particles  at  the  melting  point,  and 
spectral  shape  determinations  based  on  other  sensors.  As  described  in  Section  7,  the 
UVPI  data  indicate  that  the  decrease  in  spectral  radiance  and  radiant  intensity,  as  the 
wavelength  decreases  below  300-nm,  is  less  than  indicated  by  the  reference  model.  This  is 
similar  to  data  from  the  Strypi  test. 

•  Relate  tracker-camera  measurement  to  visible  and  infrared  measurements  made  by  other 
sensors.  The  UVPI  acquired  plume  radiometric  data  to  450  iim  wavelength.  These  radiant 
intensity  values  can  be  compared  to  data  at  longer  wavelengths  from  other  sensors  as 
those  data  become  available. 

•  Characterize  the  emission  spectrum  for  the  plumes'  outer  regions,  if  any.  No  identifiable 
outer  region  was  found  in  the  Starbird  test  data,  in  contrast  to  the  Su^i  test. 

It  is  clear  from  the  above  that  most  of  the  task  objectives  were  achieved.  However,  the 
instrumental  limitations  in  resolution,  as  well  as  the  uncertainty  in  the  reference  spectral  shape, 
complicate  the  extraction  of  precise  values. 

8.3  Conclusions 

The  UVPI  observation  of  the  Starbird  launch  again  demonstrates  the  capability  of  the 
instrument  for  tracking  and  imaging  missiles  in  flight  from  550  km  range.  The  bright  plume  of  the 
third  stage  was  successfully  tracked  throughout  its  bum.  The  weaker  plume  of  the  fourth  stage  was 
also  tracked  successfully. 

The  third  stage  was  acquired  for  a  total  of  290  plume  camera  images  distributed  over  all  four 
UVPI  filters.  The  fourth  stage  was  tracked  for  a  total  of  297  images,  and  data  were  obtained  for  three 
of  the  four  filters.  The  spectral  radiance  and  spectral  radiant  intensities  were  extracted  from  these 
images.  Absolute  values  are  necessarily  obtained  on  the  basis  of  an  assumed  spectral  shape,  namely 
the  reference  spectrum,  which  is  the  spectrum  of  micron-sized  alumina  particles  at  their  melting  point 
of  2320  K.  A  comparison  of  the  results  for  the  four  UVPI  filters  indicates  that  the  reference  shape  is 
not  inaccurate,  but  the  new  data  indicate  a  stronger  component  in  the  far  UV,  "K  <  300  nm,  than  the 
model  predicts.  This  result  is  similar  to  that  obtained  in  the  Strypi  test. 

In  contrast  to  the  Stryjii  test,  the  images  reveal  a  radiant  plume  but  no  identifiable  outer 
region  of  UV  radiance  such  as  might  be  associated  with  a  shock  or  mixing  layer  produced  by  the 
plume.  The  outer  region  radiances  that  are  measured  are  generally  weak,  have  poor  signal-to-hoise 
ratio,  and  exhibit  no  marked  difference  before  or  behind  the  rocket. 

The  time  dependence  of  the  third-stage  plume  central  region  radiant  intensity  within  each 
filter  interval  showed  no  pronounced  trends  or  variations.  The  fourth  stage,  however,  showed  an 
upward  ramp  in  time  from  ignition,  starting  from  below  the  third-stage  radiant  intensity  level  and 
rising  to  approximately  the  third-stage  value.  This  lower  average  output,  relative  to  the  third  stage, 
seemed  correlated  to  Uie  lower  ballistic  performance  of  the  fourth  stage.  Momentary,  single-frame 
peaks  exceeding  the  range  of  normal  statistical  variation  were  detected.  Whether  these  can  be 
correlated  with  missile  engine  events  or  other  sensors  remains  to  be  seen. 

The  tracker  camera  obtained  radiant  intensity  data  in  the  255  to  450-nm  wavelength  range. 
These  data,  taken  with  the  plume  camera  data  in  the  195  to  350-nm  range,  support  tne  conclusion 
that  the  central  region  spectrum  is  quite  close  to  the  reference  model  with  an  enhancement  of  the 
emission  in  the  far-UV  between  250  and  280  nm.  A  similar  enhancement  was  seen  in  the  Strypi  data, 
but  it  is  associated  with  the  outer  region  more  than  the  central  region.  It  has  been  suggested  that  the 
Strypi ’s  higher  altitude  allows  greater  expansion  of  gaseous  products  (speculated  to  Iw  the  source  of 
the  short  wavelength  emission  excess)  into  the  far  field. 
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This  base  of  UV  radiometric  data  will  be  a  foundation  for  further  analysis  to  provide  refined 

interpretations  and  evaluation.  Comparison  with  models,  with  data  from  sensors  on  other  platforms, 

and  with  UVPI  data  from  other  tests  will  also  yield  improved  radiometric  results  and  an  enhanced 

phenomenological  understanding  of  UV  emission  by  solid  rocket  motors  in  the  upper  atmosphere. 
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Appendix  A 

STARBIRD  TRAJECTORY  PARAMETERS 

The  following  tables  present  various  Starbird  trajectory-related  parameters  as  a  function  of 
time.  The  first  column  in  each  table  is  TALO,  time  after  lift-off,  in  seconds.  Table  A1  shows  the 
rocket's  position  in  Earth  center-fixed  (ECF)  coordinates  and  the  rocket’s  speed.  Table  A2  shows  the 
aspect  angle,  the  angle  of  attack,  and  the  distance  between  the  satellite  and  the  rocket.  The  aspect 
angle  is  defined  as  the  angle  between  the  line-of-sight  (LOS)  vector  from  the  satellite  to  the  target 
point  and  the  longitudinal  axis  of  the  rocket.  The  angle  of  attack  is  defined  as  the  angle  between  die 
longitudinal  axis  of  the  rocket  and  its  velocity  vector.  Table  A3  shows  the  rocket’s  altitude,  geodetic 
latitude,  and  longitude. 

Table  A1  -  Rocket  Position  and  Speed  in  ECF  Coordinates 


TALO 

1  XFOS 

1  YPOS 

ZPOS 

Speed 

(*) 

I _  _0m) _ 

J _ _ 

(km) 

(km/») 

0.0 

920.3427 

-5532.9531 

3026.2971 

0.0472 

1.0 

920.3397 

-5532.9912 

3026.3191 

0.1002 

2.0 

920.3980 

-5533.0713 

3026.3655 

0.1599 

3.0 

920.4613 

-5533.1982 

3026.4390 

0.2236 

4.0 

920.3586 

-5533.3721 

3026.5408 

0.2849 

3.0 

920.6888 

-5533.5903 

3026.6694 

0.3084 

6.0 

920.S338 

-5533.8247 

3026.8079 

0.2959 

7.0 

920.9769 

-5534.0474 

3026.9402 

0.2843  1 

8.0 

921.1175 

-5534.2598 

3027.0664 

0.2725 

9.0 

921.2556 

-5534.4614 

3027.1868 

0.2610 

10.0 

921.3912 

-5534.6528 

3027.3013 

0.2508 

11.0 

921.5252 

-5534.8345 

3027.4106 

0.2384 

12.0 

921.6531 

-5535.0068 

3027.5144 

0.2450 

13.0 

921.7801 

-5535.1865 

3027.6221 

0.2697 

14.0 

921.9122 

-5535.3887 

3027.7422 

0.2938 

13.0 

922.0487 

-5535.6128 

3027.8743 

0.3166 

16.0 

922.1889 

-5535.8589 

3028.0156 

0.3395 

17.0 

922.3374 

-5536.1313 

3028.1533 

0.3604 

18.0 

922.4926 

-5536.4214 

3028.3005 

0.3812 

19.0 

922.6545 

-5536.7290 

3028.4570 

0.4025 

20.0 

922.8238 

-5537.0542 

3028.6230 

0.4236 

21.0 

923.0007 

-5537.3970 

3028.7981 

0.4453 

22.0 

923.1830 

-5537.7588 

3028.9829 

0.4690 

23.0 

923.3746 

-5538.1401 

3029.1775 

0.4926 

24.0 

923.5728 

-5538.5420 

3029.3821 

0.5186 

23.0 

923.7792 

-5538.9663 

3029.5974 

0.5446 

26.0 

923.9911 

-5539.4136 

3029.8245 

0.5731 

27.0 

924.2087 

-5539.8862 

3030.0647 

0.6028 

i 


I 


;.v' 

’  'X 


I 


- 

■f 

: 

. 

t 

, 

, 

3 

1 

i 

; 

i 

1 

; 

■ 

''  V 

r, 

-  .. 

_ 

■. 

• 

'x 

\  : 

121 


Table  A1  -  Rocket  Position  and  Speed  in  ECF  Coordinates  (Cont’d.) 


924.4293 


924.6569 


924.8911 


925.1338 


925.3863 


925.6518 


925.9306 


926.2253 


926.5369 


925.8599 


927.1877 


927.5161 


927.8444 


928.1705 


928.4958 


928.8199 


929.1443 


929.4658 


929.7872 


930.1085 


930.4282 


930.7469 


931.0634 


931.3796 


931.6935 


932.0066 


932.3181 


932.6282 


932.9359 


933.2444 


933.5508 


933.8549 


934.1583 


934.4602 


934.7607 


935.0598 


935.3575 


935.6539 


935.9480 


935.2414 


936.5343 


936.8249 


937.1127 


937.4013 


9.'7.6879 


-5540.3862 


-5540.9136 


-5541.4722 


-5542.0630 


-5542.6890 


-5543.3521 


-5544.0537 


-5544.7964 


-5545.5752 


-5546.3726 


-5547.1758 


-5547.9814 


-5548.7866 


-5549.5879 


-5550.3833 


-5551.1719 


-5551.9521 


-5552.7241 


-5553.4863 


-5554.2383 


-5554.9805 


-5555.7119 


-5556.4336 


-5557.1450 


-5557.8467 


-5558.5386 


-5559.2207 


-5559.8940 


-5560.5581 


-5561.2124 


-5561.8579 


-5562.4946 


-5563.1221 


-5563.7407 


-5564.3511 


-5564.9521 


-5565.5449 


-5566.1289 


-5566.7041 


-5567.2710 


-556''. 8286 


-5568.3784 


-5568.9194 


-5569.4517 


-5.'69.9756 


3030.3191 


3030.5879 


3030.8713 


3031.1689 


3031.4814 


3031.8088 


3032.1519 


3032.5125 


3032.8960 


3033.2925 


3033.6917 


3034.0901 


3034.4861 


3034.8809 


3035.2734 


3035.6616 


3036.0452 


3036.4241 


3036.7981 


3037.1670 


3037.5300 


3037.8879 


3038.2402 


3038.5874 


3038.9292 


3039.2656 


3039.5972 


3039.9233 


3040.2446 


3040.5610 


3040.8723 


3041.1790 


3041.4805 


3041.7776 


3042.0693 


3042.3567 


3042.6392 


3042.9167 


3043.1899 


3043.4580 


3043.7219 


3043.9810 


3044.2354 


3044.4849 


3044.7297 


0.6341 


0.6687 


0.7046 


0.7438 


0.7857 


0.8293 


0.8766 


0.9223 


0.9473 


0.9550 


0.9569 


0.9555 


0.9510 


0.9448 


0.9368 


0.9280 


0.9181 


0.9078 


0.8971 


0.8859 


0.8744 


0.8632 


0.8524 


0.8413 


0.8306 


0.8199 


0.8099 


0.7993 


0.7896 


0.7794 


0.7693 


0.75S4 


0.7498 


0.7403 


0.7303 


.7210 


0.7113 


0.7014 


0.6923 


0.6829 


0.6737 


0.6635 


0.6548 


0.6454 


0.6358 
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Table  A1  -  Rocket  Position  and  Speed  in  ECF  Coordinates  (Cont’d.) 


73.0 


74.0 


75.0 


76. 


77.0 


78.0 


79.0 


80.0 


81.0 


82.0 


83.0 


84.0 


8S.0 


86.0 


87.0 


88.0 


89.0 


90.0 


91. 


92.0 


93.0 


94.0 


95.0 


96.0 


97.0 


98.0 


99.0 


100.0 


101. 


102.0 


103.0 


104.0 


105.0 


106.0 


107.0 


108.0 


109.0 


110.0 


111.0 


112.0 


113.0 


114.0 


115.0 


116.0 


117. 


937.9714 


938.2559 


938.5367 


938.8184 


939.0964 


939.3746 


939.6507 


939.9254 


940.1987 


940.4713 


940.7419 


941.0103 


941.2780 


941.5444 


941.8079 


942.0715 


942.3338 


942.5939 


942.8533 


943.1107 


943.3666 


943.6212 


943.8745 


944.1263 


944.3768 


944.6270 


944.8838 


945.1481 


945.419? 


945.6980 


945.9835 


946.2757 


946.5760 


946.8822 


947.1965 


947.5181 


947.8486 


948.1860 


948.5339 


948.8911 


949.2589 


949.6368 


950.0255 


950.4273 


950.8409 


-5570.4912 


-5570.9980 


-5571.4971 


-5571.9868 


-5572.4688 


-5572.9424 


-5573.407? 


-5573.8638 


-5574.3120 


-5574.7515 


-5575.1831 


-5575.6060 


-5576.0210 


-5576.4272 


-5576.8252 


-5577.2148 


-5577.5957 


-5577.9688 


-5578.3335 


-5578.6895 


-5579.0376 


-5579.3770 


-5579.7085 


-5580.0312 


-5580.3462 


-5580.6548 


-5580.9663 


-5581.2817 


-5581.6006 


-5581.9238 


-5582.2500 


-5582.5801 


-5582.9126 


-5583.2476 


-5583.5854 


-5583.9258 


-5584.2686 


-5584.6152 


-5584.9658 


-5585.3203 


-5585.6792 


-5586.0430 


-5586.4116 


-5586.7852 


-5587.1641 


3044.9705 


3045.2058 


3045.4368 


3045.6633 


3045.8850 


3046.1021 


3046.3145 


3046.5222 


3046.7256 


3046.9238 


3047.1177 


3047.3066 


3047.4912 


3047.6711 


3047.8467 


3048.0171 


3048.1833 


3048.3445 


3048.5012 


3048.6538 


3048.8010 


3048.9441 


3049.0823 


3049.2158 


3049.3452 


3049.4707 


3049.5962 


3049.7224 


3049.8486 


3049.9753 


3050.1013 


3050.2283 


3050.3547 


3050.4810 


3050.6062 


3050.7310 


3050.8557 


3050.9800 


3051.1040 


3051.2275 


3051.3511 


3051.4744 


3051.5979 


3051.7214 


3051.8450 


0.6270 


0.6175 


0.6087 


0.5989 


0.5906 


0.5808 


0.5719 


0.5630 


0.5539 


0.5450 


0.5354 


0.5273 


0.5180 


0.5085 


0.5003 


0.4915 


0.4824 


0.4742 


0.4651 


0.4564 


0.4478 


0.4394 


0.4306 


0.4227 


0.4166 


0.4228 


0.4304 


0.4372 


0.4452 


.4516 


0.4586 


0.4656 


0.4711 


0.4782 


0.4846 


0.4923 


0.4994 


0.5093 
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0.5389 


0.5498 


0.5623 


.5744 


0.5872 
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118.0 


119.0 


120.0 


121.0 


122.0 


123.0 


124.0 


125.0 


126.0 


127.0 


128.0 


129.0 


130.0 


131.0 


132.0 


133.0 


134.0 


135.0 


136.0 


137.0 


138.0 


139.0 


140.0 


141.0 


142.0 


143.0 


144.0 


145.0 


146.0 


147.0 


148.0 


149.0 


150.0 


151.0 


152.0 


153.0 


154.0 


155.0 


156.0 


157.0 


158.0 


159.0 


160.0 


161.0 


162.0 


951.2670 


951.7071 


952.1605 


952.6309 


953.1146 


953.6161 


954.1333 


954.6674 


955.2195 


955  7900 


956.3792 


956.9867 


957.6133 


958.2584 


958.9199 


959.5994 


960.2961 


961.0082 


961.7342 


962.4751 


963.2205 


963.9632 


964.7045 


965.4453 


966.1842 


966.9232 


967.6738 


968.4448 


969.2378 


970.0534 


970.8907 


971.7506 


972.6321 


973.5352 


974.4596 


975.4055 


976.3727 


977.3633 


978.3768 


979.4160 


980.4798 


981.5699 


982.6886 


983.8340 


985.0098 


-5587.5488 


-5587.9390 


-5588.3350 


-5588.7363 


-5589.1436 


-5589.5562 


-5589.9736 


-5590.3970 


-5590.8252 


.SS01  osas 


-5591.6963 


-5592.1387 


-5592.5850 


-5593.0342 


-5593.4854 


-5593.9385 


-5594.3916 


-5594.8457 


-5595.2983 


-5595.7485 


-5596.1924 


-5596.6284 


-5597.0562 


-5597.4761 


-5597.8877 


-5598.2910 


-5598.6895 


-5599.0850 


-5599.4785 


-5599.8687 


-5600.2554 


-5600.6377 


-5601.0156 


-5601.3887 


-5601.7559 


-5602.1167 


-5602.4712 


-5602.8184 


-5603.1582 


-5603.4902 


-5603.8135 


-5604.1274 


-5604.4316 


-5604.725 


-5605.0073 


3051.9683 


3052.0911 


3032.2139 


3052.3362 


3052.4580 


3052.5786 


3052.6990 


3052.8176 


3052.9353 


3053.0513 


3053.1655 


3053.2778 


3053.3877 


3053.4946 


3053.5991 


3053.7000 


3053.7976 


3053.8911 


3053.9807 


3054.0652 


3054.1453 


3054.2207 


3054.2915 


3054.3579 


3054.4197 


3054.4768 


3054.5281 


3054.5730 


3054.6108 


3054.6416 


3054.6655 


3054.6816 


3054.6897 


3054.6895 


3054.6814 


3054.6643 


3054.6382 


3054.6028 


3054.5569 


3054.5010 


3054.4336 


3054.3545 


3054.2629 


3054.1587 


3054.0405 


0.6008 


0.6144 


0.6304 


0.6438 


0.6605 


0.6755 


0.6918 


0.7085 


0.7259 


0.7427 


0.7599 


0.7771 


0.7932 


0.8075 


0.8230 


0.8368 


0.8498 


0.8602 


0.8711 
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0.8588 


0.8541 


0.8481 


0.8438 


0.8513 


0.8677 


0.8861 


0.9046 


0.9226 


0.9412 


0.9591 


0.9770 


0.9947 


1.0125 


1.0305 


1.0503 


1.0693 


1.0924 


1.1139 


1.1372 


1.1629 


1.1870 


1.2150 


1.2410 


Table  A1 


;t  Position  and  Speed  in  ECF  Coordinates  (Cont’d.) 


986.2138 


987.4487 


988.7141 


990.0113 


991.3406 


992.7012 


994.0965 


995.5242 


996.9849 


993.4808 


1000.0110 


1001.5737 


1003.1703 


1004.7986 


1006.4571 


1008.1432 


1009.8595 


1011.5999 


1013.3640 


1015.1500 


1016.9449 


-5605.2773 


-5605.5342 


-5605.7832 


-5606.0117 


-5606.2241 


-5606.4209 


-5606.5996 


-5606.7598 


-5606.9014 


-5607.0229 


-5607  1235 


-5607.2026 


-5607.2603 


-5607.2949 


-5607.3076 


-5607.2979 


-5607.2651 


-5607.2075 


-5607.1318 


-5607.0303 


-5606.9146 


3053.9084 


3053.7612 


3053.6016 


3053.4226 


3053.2263 


3053.0127 


3052.7810 


3052.5300 


3052.2595 


3051.9695 


3051.6582 


3051.3264 


3050.9731 


3050.5991 


3050.2041 


3049.7888 


3049.3530 


3048.8962 


3048.4224 


3047.9280 


3047.4216 


1.2699 


1.2994 


1.3293 


1.3604 


1.3912 


.4257 


1.4584 


1.4924 


1.5285 


1.5648 


1.5995 


1.6363 


1.6711 


1.7C48 


1.7366 


1.7710 


1.8003 


1.8283 


1.8559 


1.8686 


1.8698 


Table  A2  -  Rocket  Aspect  Angle,  Attack  Angle,  and  Range  from  Satellite 


TALO 

(s) 


Attack  Angle 
(deg) 


0.458 


0.594 


0.721 


3.218 


4.135 


1.804 


2.017 


1.387 


1.497 


2.027 


2.008 


5.466 


13.190 


10.f24 


10.3.’.8 


7.68’. 


Aspect  Angle 
(deg) 


76.130 


75.710 


77.220 


79.060 


80.340 


79.770 


79.910 


79.690 


30.100 


80.500 


80.800 


75.930 


70.420 


69.670 


69.170 


69.460 


69.000 


68.310 


68.100 


Target  Range 
(km) 


1254.188 


1248.018 


1241.847 


1235.675 


1229.505 


1223.337 


1217.177 


1211.027 


1204.889 


1198.762 


1192.646 


1186.542 


1180.447 


1174.357 


1168.266 


1162.174 


1156.079 


1149.974 


1143.871 
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Table  A2  -  Rocket  Aspect  Angle,  Attack  Angle,  and  Range  from  Satellite  (Cont’d.) 


TALO 

(s) 


Attack  Angle 


Aspect  Angle 
(deg) 


Targe*  Range 
(km) 


154.0 


155.0 


156.0 


157.0 


158.0 


159.0 


160.0 


161.C 


162.0 


163. 


164.0 


165.0 


166.0 


167.0 


168.0 


169.0 


170.0 


171.0 


172.0 


173.0 


174.0 


175.0 


176.0 


177.0 


178.0 


179.0 


180.0 


181. 


182.0 


183.0 


19.983 


20.427 


20.857 


21.284 


21.695 


22.083 


22.733 


23.148 


23.530 


22.018 


24.846 


25.187 


25.488 


25.634 


25.776 


25.943 


26.090 


26.244 


26.423 


26.599 


26.811 


27.054 


27.336 


27.646 


28.894 


31.336 


31.645 


32.123 


33.012 


33.587 


54.130 


54.850 


57.040 


61.680 


68.710 


75.760 


82.620 


86.780 


89.510 


91.200 


92.050 


92.720 


92.850 


92.900 


92.630 


92.480 


92.200 


91.730 


91.350 


90.940 


90.390 


89.880 


89.340 


88.730 


88.070 


87.320 


84.530 


83.610 


82.920 


82.310 


496.107 


494.543 


493.059 


491.655 


490.331 


489.087 


487.924 


486.842 


485.841 


484.922 


484.085 


483.326 


482.655 


482.066 


481.562 


481.140 


480.803 


480.549 


480.379 


480.293 


480.292 


480.375 


480.543 


480.796 


481.134 


481.557 


482.067 


482.659 


483.340 


484.105 


Table  A3  -  Rocket  Altitude,  Geodetic  Latitude,  and  Longitude 
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Appendix  B 

UVPI  PARAMETERS 


This  appendix  collects  parameters  and  information  that  are  useful  to  analyze  the  data  by 
using  different  assiunptions  for  the  source  spectrum.  The  average  number  of  photoevents  per  second 
for  each  of  the  intervals  analyzed  in  this  report  is  recorded  in  Table  Bl.  Table  B2  lists  the  net 
quantum  efficiency  in  5-nm  steps  for  the  tracker  camera,  and  Table  B3  lists  plume-camera  net 
^antum  efficiency  for  each  of  the  four  filters. 


Tables  B4  and  B5  list  the  digital  number  per  photoevent  values  for  the  tracker  and  plume 
cameras,  respectively. 

! 

A  scaled  version  of  the  beacon's  point  spread  function  (PSF)  for  the  plume  camera  is 
presented  in  Table  E6  in  the  form  of  a  16  by  16  pixel  array.  The  intensity  values  are  scaled  such  that 
the  brightest  pixel  will  map  to  1.  A  row  representative  of  the  full -width-half-maximum  is  highlighted 
by  a  bold  box.  For  the  ground-based  beacon,  the  equivalent  full-width-half-maximum  of  the  PSF 
along  the  major  axis  is  about  40  m  at  a  range  of  450  1^.  A  similar  array  for  the  tracker  camera's  PSF 
is  presented  in  Table  B7. 


Finally,  Table  B 8  is  a  list  of  all  frames  recorded  for  this  encounter.  The  time  and  frame 
number  are  recorded  in  the  first  two  columns.  Note  that  the  frame  number  carries  a  trailing  P  if  it  is  a 
plume-camera  frame  and  a  trailing  T  if  it  is  a  tracker-camera  frame.  The  third  column  lists  the  filter 
wheel  position  if  it  is  a  plume-camera  frame.  A  filter  wheel  position  of  0  denotes  a  tracker-camera 
frame.  The  next  two  columns  indicate  the  exposure  time  for  the  frame.  For  the  plume  camera  this  is 
fixed  at  730th  of  a  second,  but  for  the  tracker  camera  it  is  variable,  with  a  maximum  allowed  value  of 
730th  second.  The  next  two  columns  list  the  tracker  camera  and  plume  camera  gain  steps. 

For  the  zoom  image  transmission  rate,  30  Hz,  each  telemetry  frame  carries  one  image.  For  the 
normal  image  transmission  rate,  5  Hz,  six  telemetry  fiames  carry  one  image. 


UVPI  mission  time  (UMT)  is  related  to  GMT  at  launch  for  the  Starbird  observation  pass  by 
the  equation 


UMT  =  GMT  +  (0.26  +  Frame  x  1.23  x  10'*)  s 


Table  Bl  -  Average  Number  of  Photoevents/s 


1  Plume  Camcrt 

1  Tracker  Camera  | 

Interval 

Suge 

Filter 

1  Bandpass 

1  (nm) _ ^ 

Photoevents/s 

Bandpass 

(nm) 

Photoevents/s* 

1 

3 

PC-4 

235-350 

4.29  X  103 

255-450 

1.07  X  105 

2 

3 

PC-3 

195-295 

1.78  X  102 

255-450 

1.23  X  105 

3 

3 

PC-2 

300-320 

3.89  X  102 

255-450 

1.26  X  105 

4 

3 

PC-1 

200-320 

336  X  102 

255-450 

8.22  X  104 

5 

4 

PC-1 

200-320 

4.94  X  102 

255-450 

9.89  X  104 

6 

4 

PC-2 

300-320 

3.19  X  102 

255-450 

130  X  105 

7 

4 

PC-3 

195-295 

231  X  102 

255-450 

1.59  X  105 

*  For  central  19  x  19  pixeb 
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Table  B2  -  Net  Quantum  Efficiency  for  Tracker  Camera 


Wavelength  (nm) 

1  Tracker  NQE 

1  Wavelength  (nm) 

255 

.00001 

355 

260 

.000588 

360 

265 

.00181 

365 

270 

.003983 

370 

275 

.005878 

375 

280 

.0073 

380 

285 

.008858 

385 

290 

.008895 

390 

295 

.010898 

395 

300 

.01209 

400 

305 

.014025 

405 

310 

.014978 

410 

315 

.012263 

415 

320 

.01428 

420 

325 

.017858 

425 

330 

.017355 

430 

335 

.015248 

435 

340 

.011235 

440 

345 

.014745 

445 

350 

.017145 

450 

Tracker  NQE 


.020003 


■018705 
■018683 
■018225 
■01797 
■018615 
■019058 
■018285 
■01881 
■018833 
■01  /865 
■018083 
■016418 
■016418 
■016148 
■016148 
■013883 
■010988 
■00179 
8.75E.5 


Table  B3  -  Net  Quantum  Efficiency  for  Plume  Camera 


Wavelength  (nm) 


195 

0 

200 

0 

205 

0 

210 

0 

215 

0 

220 

0.000015 

225 

3.75E-05 

230 

0.000075 

235 

9.25E-05 

240 

0.0002 

245 

0.000385 

250 

0.00088 

255 

0.001873 

260 

0.003798 

265 

0.00546 

270 

0.006063 

275 

0.005303 

280 

0.003808 

285 

0.00211 

290 

0.001028 

295 

0.00048 

300 

0.000208 

0 


0 


0 


0 


0 


0 


0 


0 


0 


5.33E-05 


PC-3 


6.t6E-05 


0.000129 


0.000217 


0.000328 


0.000464 


0.00071 


0.001079 


0.001547 


0.002091 


0.00247 


■002735 


0.002842 


■002696 


0.002415 


0  00168 


0.001124 


0.000638 


0.000345 


0.000183 


0.000123 


5.13E-05 


0 


0 


0.000119 


0.000676 


0.00198 


0.003519 


0.004933 


0.006923 


0.007535 


0.009322 


0.012336 


0.013118 


0.013089 


0.01192 


0.010684 


0.009051 
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Table  B7  -  Scaled  Version  of  Tracker  Camera  PSF  Based  on  Ground  Beacon 


Table  B8  -  Telemetry  Frames  and  Camera  Parameters 


3:39:21.07 


3:39:21.10 


3:39:21.14 


3:39:21.17 


3:39:21.20 


3:39:21.24 


3:39:21.27 


3:39:21.30 


3:39:21.34 


3:39:21.37 


3:39:21.40 


3:39:21.44 


3:39:21.47 


3:39:21.50 


3:39:21.54 


3:39:21.57 


3:39:21.60 


3:39:21.64 


3:39:21.67 


3:39:21.71 


Telemetry  Filler 
Rame 


13553P 


13554P 


13555P 


13556P 


13557P 


13558P 


13559P 


13560P 


13561T 


13562T 


Tracker  Exp.  Plume  Exp. 
Time  (ms)  Time  (ms) 


Plume 
Gain  Step 


Comments 


Begin  data  interval  1, 
PC4 
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Telemetry 

Frame 


B8  -  Telemetry  Frames  and  Camera  Parameters  (Cont.’d) 


Filter  Tracker  Exp.  Plume  Exp.  Tracker 
Time  (ms)  Time  (ms)  Gain  Step 


Comments 


i  3:39:21.77 


3:39:21.81 


3:39:21.84 


3:39:21.87 


3:39:21.91 


3:39:21.94 


3:39:21.97 


3:39:22.01 


3:39:22.04 


3:39:22.07 


3:39:22.11 


3:39:22.14 


3:39:22.17 


3:39:22.21 


3:39:22.24 


3:39:22.27 


3:39:22.31 


3:39:22.34 


3:39:22.37 


3:39:22.41 


3:39:22.44 


3:39:22.47 


3:39:22.51 


3:39:22.54 


3:39:22.57 


3:39:22.61 


3:39:22.64 


3:39:22.67 


3:39:22.71 


3:39:22.74 


3:39:22.77 


3:39:22.81 


3:39:22.84 


3:39:22.87 


3:39:22.91 


3:39:22.94 


3:39:22.97 


3:39:23.01 


3:39:23.04 


3:39:23.07 


13563P 


13564P 


13565P 


13566P 


13567P 


13568P 


13569P 


13570P 


13571T 


13572T 


13573P 


13574P 


13575P 


13576P 


13577P 


I3578P 


13579P 


13580P 


13581T 


J3582T 


13583P 


13584P 


13585P 


13586P 


13587P 


13588P 


13589P 


13590P 


13591T 


13592T 


13593P 


13594P 


13595P 


13596P 


13597P 


13598P 


13599P 


13600P 


13601T 


13602T 


13603P 


UCF.d/\PI  Starhiri 
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Tabic  B8  -  Telemetry  Frames  and  Camera  Parameters  (Cont.’d) 


TeJcmciry  Filler  Tracker  Exp.  Plume  Exp.  Tracker 
Frame  Time  (ms)  Time  (ms)  Cain  Step 


3  1y  23  11 

1360  IP 

3:39  23  14 

13  60.5  P 

3:39:23.17 

13606P 

3  39:23  21 

136()7P 

Comments 


2.v;4 


). .19  2.1.27 


3:39  23.31 


3:39:23.34 


3:39:23.37 


3:39:23  41 


3:39:23.44 


3:39:23.47 


3:39:23  51 


3:39:23.54 


3:39:2.3.57 


3:39:23,61 


3:39:23.64 


3:39:23.67 


3:39:23.71 


3:39:23.74 


3:39:23.84 


3:39:23.87 


3:39:23.91 


3:39:23.94 


3.39:23.97 


3:39:24.01 


3:39:24.04 


3:39:24,07 


3:39:24.11 


3:39:24.14 


i  39:24.17 


3:39:24.21 


3:39:24.24 


3:39:24.28 


3:39:24,31 


3:39:24.34 


3:39:24.37 


3:39:24.-41 


3:39:24.44 


11608P 


1,1609P 


1361  OP 


1.161  IT 


13612T 


13613P 


13614P 


13615P 


13616P 


1.3617P 


13618P 


13619P 


13620P 


13621T 


13622T 


13623P 


3:39:23.77 

13624P 

3:39:23.81 

13625P 

l.)626P 


13627P 


13628P 


13629P 


13630P 


13631T 


13632T 


13633P 


I3634P 


I3635P 


136:6P 


13637P 


136.38P 


13639P 


13640P 


13641T 


13642T 


13643P 


13644P 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8  600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


8.600 


'  \ 

■■  ^  '\ 

'  \,: 

■  ' '  1  ■  ■ 

^  \ 

■  \ 

\ 

■  ■  ' 
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B8  -  Telemetry  Frames  and  Camera  Parameters  (Cont.’d) 


Telemetry  Filter  Tracker  Exp.  |  Plume  Exp.  Tracker 
Frame  Time  (ms)  I  Time  (ms)  Gain  Step 


Comments 


3:39:24.48 


3:39:24.51 


3:39:24.54 


3:39:24.57 


3:39:24.61 


3:39:24.64 


3:39:24.68 


3:39:24.71 


3:39:24.74 


3:39:24.78 


3:39:24.81 


3:39:24.84 


3:39:24.88 


3:39:24.91 


3:39:24.94 


3:39:24.98 


3:39:25.01 


3:39:25.04 


3:39'25.08 


3:39:25.11 


3:39:25.14 


3:39:25.18 


3:39:25.21 


3:39:25.24 


3:39:25.28 


3:39:25.31 


3:39:25.34 


3:39:25.38 


3:39:25.41 


3:39:25.44 


3:39:25.48 


3:39:25.51 


3:39:25.54 


3:39:25.58 


3:39:25.61 


3:39:25.64 


3:39:25.68 


3:39:25.71 


3:39:25.74 


3:39:25.78 


3:39:25.81 


13645P 


13646P 


1J674P 


13675P 


13676P 


13677P 


13678P 


13679P 


13680P 


13681T 


13682T 


13683P 


13684P 


13685P 


LACElUVPl:  S:arbird 
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Table  B8  -  Telemetry  Frames  and  Camera  Parameters  (Cont.’d) 


Telemetry  Filler  Tracker  Exp.  Plume  Exp. 

Frame  Time  (ms)  Time  (ms) 


Comments 


3:39:25.84 


3:39:25.88 


3:39:25.91 


3:39:25.94 


3:39:25.98 


3:39:26.01 


3:39:26.04 


3:39:26.08 


3:39:26.11 


3:39:26.14 


3:39:26.18 


3:39:26.21 


3:39:26.24 


3:39:26.28 


3:39:26.31 


3:39:26.34 


3:39:26.38 


3:39:26.41 


3:39:26.44 


3:39:26.48 


3:39:26.51 


3:39:26.54 


3:39:26.58 


3:39:26.61 


3:39:26.64 


3:39:26.68 


3:39:26.71 


3:39:26.74 


3:39:26.78 


3:39:26.81 


3:39:26.84 


3:39:26.88 


3:39:26.91 


3:39:26.94 


3:39:26.98 


3:39:27.01 


3:39:27.04 


3:39:27.08 


3:39:27.11 


3:39:27.14 


3:39:27.18 


13686P 


13687P 


13688P 


13689P 


13690P 


13691T 


13692T 


13693P 


13694P 


13695P 


13696P 


13697P 


13698P 


13699P 


13700P 


13701T 


13702T 


13703P 


13704P 


13705P 


13706P 


13707P 


13708P 


13709P 


13710P 


13711T 


13712T 


13713P 


I3714P 


13715P 


13716P 


13717P 


13718P 


13719P 


13720P 


13721T 


13722T 


13723P 


13724P 


13725P 


13726P 


H.W.  Smothers  et  at. 


3:39:27.21 


3:39:27.24 


3:39:27.28 


3:39:27.31 


3:39:27.34 


3:39:27.38 


3:39:27.48 


3:39:27.51 


3:39:27.54 


3:39:27.58 


3:39:27.61 


3:39:27.64 


3:39:27.68 


3:39:27.71 


3:39:27.75 


3:39:31.98 


3:39:32.02 


3:39:32.05 


3:39:32.08 


3:39:32.12 


3:39:32.15 


3:39:32.18 


3:39:32.22 


3:39:32.25 


3:39:32.28 


3:39:32.32 


3:39:32.35 


3:39:32.38 


3:39:32.42 


3:39:32.45 


3:39:32.48 


3:39:32.52 


3:39:32.55 


3:39:32.58 


3:39:32.62 


3:39:32.65 


3:39:32.68 


3:39:32.72 


3:39:32.75 


Table  B8  -  Telemetry  Frames  and  Camera  Parameters  (Cont.  d) 


Telemetry  Filter  Tracker  Exp.  Plume  Exp.  Tracker 
Frame  Time  (ms)  Time  (ms)  Gain  Step 


1  Plume 
(Gain  Stra 

Comments 

13727P 


13728P 


13729P 


13730P 


13731T 


13732T 


13735P 


13736P 


13737P 


13738P 


13739P 


13740P 


13741T 


13742T 


13743P 


13870P 


13871T 


13872T 


13873P 


13874P 


13875P 


13876P 


13877P 


13878P 


13879P 


13880P 


13881T 


13882T 


13883P 


13884P 


13885P 


13886P 


13887P 


13888P 


13889P 


13890P 


13891T 


13892T 


13893P 


15.402 


15.402 


15.402 


12.200 


12.200 


12.200 


12.200 


12.200 


12.200 


12.200 


12.200 


12.200 


12.200 


12.200 


12.200 


12.200 


12.200 


12.200 


12.200 


12.200 


12.200 


12.200 


12.200 


12.200 


End  data  interval  1, 
PC-4 


Begin  data  interval  2. 
PC3 


B8  -  Telemetry  Frames  and  Camera  Parameters  (Cont.’d) 


Telemetry  Filler  Tracker  Exp.  Plume  Exp. 

Frame  Time  (ms)  Time  (ms) 


Comments 


3:39:32.78 


3:39:32.82 


3:39:32.83 


3:39:32.88 


3:39:32.92 


3:39;32.95 


3:39:32.98 


3:39:33.02 


3:39:33.05 


3:39:33.08 


3:39:33.12 


3:39:33.15 


3:39:33.18 


3:39:33.22 


3:39:33.25 


3:39:33.28 


3:39.33.32 


3:39:33.35 


3:39:33.39 


3:39:33.42 


3:39:33.45 


3:39:33.49 


3:39:33.52 


3:39:33.55 


3:39:33.59 


3:39:33.62 


3:39:33.65 


3:39:33.69 


3:39:33.72 


3:39:33.75 


3:39:35.35 


3:39:35.39 


3:39:35.42 


3:39:35.45 


3:39:35.49 


3:39:35.52 


3:39:35.55 


3:39:35.59 


3:39:35.62 


13894P 


13895P 


13896P 


13897P 


13898P 


13899P 


13900P 


13901T 


13902T 


13903P 


13904P 


13905P 


13906P 


13907P 


13908P 


13909P 


13974P 


13975P 


13976P 


13977P 


13978P 


13979P 


UCE/UVPI:  Starbird 
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Table  B8  -  Telemetry  Frames  and  Camera  Parameters  (Cont.’d) 


UMT 

Telemetry 

Frame 

1  Filter 

Tracker  Exp. 
Time  (ms) 

Plume  Exp. 
Time  (ms) 

Tracker 
Gain  Step 

1  Plume 

1  Gain  Step 

1  Comments 

3:39:37.02 

14021T 

0 

1  12.200  1  33.3 

8 

13 

3:39:37.06 

14022T 

0 

12.200 

33.3 

8 

13 

3:39:37.09 

14023P 

2 

12.200 

33.3 

8 

13 

3:39:37.12 

14024P 

2 

12.200 

33.3 

8 

13 

3:39:37.16 

14025P 

2 

12.200 

33.3 

8 

13 

3:39:37.19 

14026P 

2 

12.200 

33.3 

8 

13 

3:39:37.22 

14027P 

2 

12.200 

33.3 

8 

13 

3:39:37.26 

14028P 

2 

12.200 

33.3 

8 

13 

3:39:37.29 

14029P 

2 

12.200 

33.3 

8 

13 

3:39:37.32 

14030P 

2 

12.200 

33.3 

13 

End  data  interval  3, 

PC-2 

3:39:41.23 

14147P 

1 

12.200 

33.3 

8 

13 

Begin  data  interval  4, 
PC-1 

3:39:41.26 

14148P 

1 

12.200 

33.3 

8 

13 

3:39:41.29 

t4149P 

1 

12.200 

33.3 

8 

13 

3:39:41.33 

14150P 

1 

12.200 

33.3 

8 

13 

3:39:41.36 

14151T 

0 

12.200 

33.3 

8 

13 

3:39:41.39 

14132T 

0 

12.200 

33.3 

8 

13 

3:39:41.43 

14153P 

1 

12.200 

33.3 

8 

13 

3:39:41.46 

14154P 

1 

12.200 

33.3 

8 

13 

3:39:41.49 

14I55P 

1 

12.200 

33.3 

8 

13 

3:39:41.53 

t4156P 

1 

12.200 

33.3 

8 

13 

3:39:41.56 

14157P 

1 

12.200 

33.3 

8 

13 

3:39:41.59 

14158P 

1 

12.200 

33.3 

8 

13 

3:39:41.63 

14159P 

1 

12.200 

33.3 

8 

13 

3:39:41.66 

14160P 

1 

12.200 

33.3 

8 

13 

3:39:41.69 

14161T 

0 

12.200 

33.3 

8 

13 

3:39:41.73 

14162T 

0 

12.200 

33.3 

8 

13 

3:39:41.76 

14163P 

1 

12.200 

33.3 

8 

13 

3:39:41.79 

14164P 

1 

12.200 

33.3 

8 

13 

3:39:41.83 

14165P 

1 

12.200 

33.3 

8 

13 

3:39:41.86 

14166P 

1 

12.200 

33.3 

8 

13 

3:39:41.89 

14167P 

1 

12.200 

33.3 

8 

13 

3:39:41.93 

14168P 

1 

12.200 

33.3 

8 

13 

3:39:41.96 

14169P 

1 

12.200 

33.3 

8 

13 

3:39:41.99 

14170P 

1 

12.200 

33.3 

8 

13 

3:39:42.03 

14171T 

0 

12.200 

33.3 

8 

13 

3:39:42.06 

14172T 

0 

12.200 

33.3 

8 

13 

3:39:42.09 

14173P 

1 

12.200 

33.3 

8 

13 

3:39:42.13 

14174P 

1 

12.200 

33.3 

8 

13 

3:39:42.16 

14175P 

1 

12.200 

33.3 

8 

13 
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3:39:42.19 


3:39:42.23 


3:39:42.26 


3:39:42.29 


3:39:42.33 


3:39:42.36 


3:39:42.40 


3:39:42.43 


3:39:42.46 


3:39:42.50 


3:39:42.53 


3:39:42.56 


3:39:42.60 


3:39:42.63 


3:39:42.66 


3:39:42.70 


3:39:42.73 


3:39:42.76 


3:39:42.80 


3:39:42.83 


3:39:42.86 


3:39:42.90 


3:39:42.93 


3:39:42.96 


3:39:43.00 


3:39:43.03 


3:39:43.07 


3:39:43.10 


3:39:43.13 


3:39:43.16 


3:39:43.20 


3:39:43.23 


3:39:43.26 


3:39:55.78 


3:39:55.81 


3:39:55.84 


3:39:55.88 


3:.39:55.91 


3:39:55.94 


Telemetry 

Frame 


B8  -  Telemetry  Frames  and  Camera  Parameters  (Cont.’d) 


Filter  !  Tracker  Exp.  i  Plume  Exp.  |  Tracker 


Comments 


14176P 


14t77P 


14178P 


14179P 


14180P 


14181T 


14182T 


14183P 


14t84P 


14185P 


14186P 


14187P 


14188P 


14189P 


14190P 


14191T 


14192T 


14193P 


14194P 


14195P 


14196P 


14t97P 


14198P 


14199P 


14200P 


14201T 


14202T 


14203P 


14204P 


14205 P 


14206P 


14207P 


14208P 


14583P 


14584P 


14585P 


14586P 


14587P 


14588P 


ms 

■  . . . 

3 

12.200 

33.3 

8 

13 

lACEJUVPI;  Starbird 


9 
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Table  B8  -  Telemetry  Frames  and  Camera  Parameters  <;Cont.’d) 


Telemeay  Filter  Tracker  Exp.  Plume  Exp.  Tracker 
Frame  Time  (ms)  Time  (ms)  Gain  Step 


Comments 


3:39:57.35 


-  3:39:57.38 


3:39:57.41 


3:39:57.45 


3:39:57.48 


3:39:57.51 


3:39:57.55 


3:39:57.58 


3:39:57.61 


3:39:57.65 


3:39:57.68 


3:39:57.71 


3:39:57.75 


3:39:57.78 


3:39:57.81 


3:39:57.85 


3:39:57.88 


3:39:57.91 


3:39:57.95 


3:39:57.98 


3:39:58.01 


3:39:58.05 


3:39:58.08 


3:39:58.11 


3:39:58.15 


3:39:58.18 


3:39:58.21 


3:39:58.25 


3:39:58.28 


3:39:58.31 


3:39:58.35 


3:39:58.38 


3:39:58.41 


3:39:58.45 


3:39:58.48 


3:39:58.51 


3:39:58.55 


3:39:58.58 


3:39:58.61 


3:39:58.65 


3:39:58.68 


14630P 


14631T 


14632T 


14633P 


14634P 


14635P 


14636P 


14637P 


14638P 


14639P 


14640P 


14641T 


14642T 


14643P 


14644P 


14645P 


14646P 


14647P 


14648P 


14649P 


14650P 


14651T 


14652T 


14665P 


14666P 


14667P 


14668P 


14669P 


14670P 


3:39:59.11 


3:39:59.15 


3:39:59.18 


3:39:59.21 


3:39:59.25 


3:39:59.28 


3:39:59.31 


3:39:59.35 


3:39:59.38 


3:39:59.41 


3:39:59.45 


3:39:59.48 


3:39:59.51 


3:39:59.55 


3:39:59.58 


3:39:59.61 


3:39:59.65 


3:39:59.68 


3:39:59.71 


3:39:59.75 


3:39:59.78 


3:39:59.81 


3:39:59.85 


3:39:59.88 


3:39:59.91 


3:39:59.95 


3:39:59.98 


3:40:0.01 


3:40:0.05 


14703P 


14704P 


14705P 


14706P 


14707P 


14708P 


14709P 


14710P 


1471 IT 
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Table  B8  -  Telemetry  Frames  and  Camera  Parameters  (Cont’d) 


Telemetry  Filter  Tracker  Exp.  Plume  Exp.  Tracker  1  Plume 
Frame  Time  (ms)  Tim^  ^ms)  Gain  Step  |  Gain  Step 


Comments 


3:40:0.08 


3:40:0.11 


3:40:0.15 


3:40:0.18 


3:40:0.22 


3:40:5.12 


3:40:5.15 


3:40:5.19 


3:40:5.22 


3:40:5.25 


3:40:5.29 


3:40:5.32 


3:40:5.35 


3:40:5.39 


3:40:5.42 


3:40:5.45 


3:40:5.49 


3:40:5.52 


3:40:5.55 


3:40:5.59 


3:40:5.62 


3:40:5.65 


3:40:5.75 


3:40:5.79 


3:40:5.82 


3:40:5.85 


3:40:5.89 


3:40:5.92 


3:40:5.95 


3:40:5.99 


3:40:6.02 


3:40:6.05 


3:40:6.09 


3:40:6.12 


2:40:6.16 


3:40:6.19 


3:40:6.22 


3:40:6.26 


3:40:6.29 


14712T 


14713P 


14714P 


14715P 


14716P 


14863P 


14864P 


14865P 


14866P 


14867P 


14868P 


14869P 


14870P 


14871T 


14872T 


14873P 


14874P 


14875P 


14876P 


14877P 


14878P 


14879P 


14880P 


14881T 


14882T 


14883P 


14884P 


14885P 


14886P 


14887P 


14888P 


14889P 


14890P 


14891T 


14892T 


14893P 


14894P 


14895P 


14896P 


14897P 


14898P 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


’5.402 


1J.4C2 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


End  interval  5,  PC-1 


Begin  interval  6,  PC  2 


LACElUVPI:  Starbird 
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B8  -  Telemetry  Frames  and  Camera  Parameters  (Cont.’d) 


Telemetry 

Frame 


Filter  Tracker  Exp.  Plume  Exp. 
Time  (ms)  Time  (ms) 


Plume 
Gain  Step 


Comments 


3:40:6.32 


3:40:6.36 


3:40:6.39 


3:40:6.42 


3:40:6.46 


3:40:6.49 


3:40:6.52 


3:40:6.56 


3:40:8.46 


3:40:8.56 


3:40:8.59 


3:40:8.62 


3:40:8.66 


3:40:8.69 


3:40:8.72 


3:40:8.76 


3:40:8.79 


3:40:8.82 


3:40:8.86 


3:40:8.89 


3:40:8.92 


3:40:8.96 


3:40:8.99 


3:40:9.02 


3:40:9.06 


3:40:9.09 


3:40:9.13 


3:40:9.16 


3:40:9.19 


3:40:9.23 


3:40:9.26 


3:40:9.29 


3:40:9.33 


3:40:9.36 


3:40:9.39 


3:40:9.43 


3:40:9.46 


3:40:9.49 


3:40:9.53 


3:40:9.56 


3:40:9.59 


14899P 


14900P 


14901T 


14902T 


14903P 


14904P 


14905P 


14906P 


14963P 


14966P 


14967P 


14968P 


14969P 


14970P 


14971T 


14972T 


14973P 


14974P 


14975P 


14976P 


14977P 


14978P 


14979P 


14980P 


14981T 


4982T 


14983P 


14984P 


14985P 


14986P 


14987P 


14988P 


14989P 


14990P 


14991T 


14992T 


14993P 


14994P 


14995P 


14996P 


14997P 
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B8  -  Telemetry  Frames  and  Camera  Parameters  (Cont.’d) 


Tclcfiictry  Filter  I  Tracker  Exp.  Plume  Exp.  Tracker  Plume 
FratTiC  I  Time  (ms)  Time  (ms)  Gain  Step  Gain  Step 


Comments 


3:40:12.43 


3:40:12.46 


3:40:12.50 


3:40:12.53 


3:40:12.56 


3:40:12.60 


3:40:12.63 


3:40:12.66 


3:40:12.70 


3:40:12.73 


3:40:12.76 


3:40:12.80 


3:40:12.83 


3:40:12.86 


3:40:12.90 


3:40:12.93 


3:40:12.96 


3:40:13.00 


3:40:13.03 


3:40:13.06 


3:40:13.10 


3:40:13.13 


3:40:13.16 


3:40:13.20 


3:40:13.23 


3:40:13.26 


3:40:13.30 


3:40:13.33 


3:40:13.36 


3:40:13.40 


3:40:13.43 


3:40:13.46 


3:40:13.50 


3:40:13.53 


3:40:13.56 


3:40:13.60 


3:40:13.63 


3:40:13.66 


3:40:13.70 


3:40:13.73 


3:40:13.76 


15111T 


151 12T 


15113P 


15114P 


15115P 


15116P 


15117P 


15118P 


15119P 


15120P 


15121T 


151 22T 


'  I 

'  \ 

/ 

/ 

UCEiUVPl:  Started 
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B8  -  Telemetry  Frames  and  Camera  Parameters  (Cont.’d) 


Teleroetry  Filter  Tracker  Exp.  Plume  Exp.  Ti 
Frame  Time  (ms)  Time  (ms)  Gai 


Plume 
Gain  Step 


Comments 


3:40:13.80 


3:40:13.83 


3:40:13.86 


3:40:13.90 


3:40:13.96 


3:40:14.03 


3:40:14.03 


3:40:14.06 


3:40:14.10 


3:40:14.13 


3:40:14.16 


3:40:14.20 


3:40:14.23 


3:40:14.26 


3:40:14.30 


3:40:14.33 


3:40:14.36 


3:40:14.40 


3:40:14.43 


3:40:14.46 


3:40:14.50 


3:40:14.53 


3:40:14.56 


3:40:14.60 


3:40:14.63 


3:40:14.66 


3:40:14.70 


3:40:14.73 


3:40:14.76 


3:40:14.80 


3:40:14.83 


3:40:14.86 


3:40:14.90 


3:40:14.93 


3:40:14.96 


3:40:15.00 


3:40:15.03 


3:40:15.07 


3:40:15.10 


3>10:15.13 


15123P 


15124P 


15125P 


15126P 


15127P 


15128P 


15129P 


15130P 


15131T 


15132T 


15133P 


15134P 


15135P 


15136P 


15137P 


15138P 


15139P 


15140P 


t5141T 


15142T 


15143P 


15144P 


15145P 


15146P 


15147P 


15148P 


15149P 


15150P 


15151T 


15152T 


15153P 


15154P 


15155P 


15156P 


15157P 


15158P 


15159P 


15160P 


15161T 


15162T 


15163P 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 


15.402 
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Table  B8  -  Telemetry  Frames  and  Camera  Parameters  (ConL’d) 


Telemetry  Filter  Tracker  Exp.  Plume  Exp.  Tracker  Plume 
Frame  Time  (ms)  Time  (ms)  Gain  Step  Gain  Step 


Comments 


3:40:15.17 


3:40:15.20 


15164P 


15165P 


15.402 


15.402 


End  inten'il  7,  PC-3 


GLOSSARY 


AOS 

ARI 

ARSI 

CCD 

CPC 

CHARM 

CMOS 

CPU 

DN 

Dl^ 

EIA 

ERD 

FOR 

FOV 

FPA 

FWHM 

GMT 


acquisition  of  sipal 

average  radiant  intensity 

average  radiant  spectral  intensity 

charge-coupled  device 

camera  frame  controller 

Composite  High  Altitude  Radiation  Model 

complementary  metal  oxide  semiconductor 

Central  processing  unit 

digital  number 

digital  number  per  photoevent 
electronics  interface  assembly 
experiment  requirements  document 
field  of  regard 
field  of  view 
focal  plane  array 
fiill-width-half-maximum 
Greenwich  Mean  Time 


Hz 

ICC 

ICCD 

IDA 

IR 

ITT 

lUE 

K 

KTF 

LACE 

LOS 

LOTH 

Mbps 

MCP 

MHz 

NER 

NQE 

NRL 

OAO 

PC-N 

PE 

PMRF 

PSAG 

PSF 

RMS 

s 

SDIO 

SIRRM 

SNR 

ST 

TALO 

TGS 

ULTRASEEK 

UMT 

UV 

UVPI 

VAFB 

W 


Hertz 

instrument  control  computer 
intensified  charge-coupled  device 
Institute  for  Defense  Analyses 
infrared 

International  Telephone  and  Telegraph 
International  Ultraviolet  Explorer 
degrees  Kelvin 
Kauai  Test  Facility 

Low-power  Atmospheric  Compensation  Experiment 

loss  of  signal:  line  of  sight 

LACE  O^rational  Test  Bed 

megabits  per  second 

microchannel  plate 

megahertz 

noise  equivalent  radiance 
net  quantum  efficiency 
Naval  Research  Laboratory 
Orbiting  Astrophysical  Ol^rvatory 
plume-camera  filter,  N  =  1, 2,  3, 4 
photoevent 

Pacific  Missile  Range  Facility 
Phenomenology  Steering  and  Analysis  Group 
point  spread  hmetion 
root  mean  square 
seconds 

Strategic  Defense  Initiative  Organization 

Standardized  Infra  Red  Radiation  Model 

signal- to-noise  ratio 

steradian 

time  after  liftoff 

transportable  ground  station 

ultraviolet  seeker 

UVPI  mission  time 

ultraviolet 

Ultraviolet  Plume  Instrument 
Vandenberg  Air  Force  Base 
watt 
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